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Theme

Heat transfer and cooling in gas turbine engines are still key factors to achieve high performance, increased life and improved
reliability. Any progress in this field will lead to a reduction of maintenance cost and fuel consumption.

The purpose of this Symposium was to bring together experts from industry, research establishments and universities to discuss
fundamental and applied heat transfer problems relevant to gas turbines, to exchange practical experience gained and to review
the state of the art.

The Symposium focused on turbine blade cooling (both external and internal heat transfer); heat transfer in combustors, to
disks. in labyrinth seals, and in shafts; measurement techniques and prediction methods; as well as interactions.

Theme

Le transfert thermique et le refroidissement continuent a jouer un role clé dans l'obtention de meilleures performances.
I'augmentation de la durée de vie et 'amélioration de la fiabilité des turbines a gaz. Tout progres réalisé dans ce domaine
permettra de réduire les colts de maintenance et de diminuer la consommation de carburant.

L'objet du Symposium était de rassembler des spécialistes de I'industrie. des établissements de recherche et des universités pour
discuter des problemes fondamentaux et d’application en transfert thermique dans les turbines a gaz. La réunion a fourni
l'occasion pour un échange d’expérience pratique et I'examen de I'état de I'art dans ce domaine.

Le Symposium a traité du refroidissement des aubes de turbine (le transfert thermique interne et externe), du transfert
thermique dans les chambres de combustion, les disques, les presse-garnitures a labyrinthe et les arbres, ainsi que des méthodes
de prevision et des techniques de mesure et les interactions qui en résultent.
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Technical Evaluation Report

by
Robert E.

Mayle -

Rensselaer Polytechnic Institute
Troy, New York 12180
United States

It is always good to participate in such a symposium where all
of those attending have a common interest and objective.
Somehow it gives me a feeling of compatriotism, creativity
and accomplishment. It is even better when the nearly one
hundred and forty of us attending not only come from multi-
farious nations, but also from industry, universities and
various government agencies. This sort of meeting provides
the best in diversity of approaches to our common problem
and the best chance for the diffusion of our ideas. As we have
experienced this week, the outcome was not only forty pres-
entations which covered most aspects of gas turbine heat
transfer and cooling, but lively discussions and a comradery.
In addition, I had some impressions. Some arose from what I
have heard this week, some were reflections of what I have
experienced during my twenty-some years as an active
researcher in the gas turbine heat transfer community, and
some involved what I foresee concerning research and
development in the field of gas turbine heat transfer. Now I
wish to share them with you.

During this Symposium, the 80th Symposium of the Propul-
sion and Energetics Panel of AGARD, the common interest
has been "Heat Transfer and Cooling in Gas Turbines” and
the common objective has been to improve gas turbine dura-
bility and performance. Seven years ago, the Propulsion and
Energetics Panel held a similar symposium (see AGARD CP
390), and the interest and objective were the same. What has
changed? From the standpoint of fundamental understand-
ing, not much. Progress in fundamental understanding is slow,
as I will now illustrate with a story. About twenty years ago
when I started my career in the field of gas turbine heat trans-
fer, my supervisor told me, contrary to my belief, that the
laminar-turbulent transition problem had been solved and
that I shouid work on the much more relevant problem of film
cooling. So I begun my work in film cooling and today, in spite
of my efforts then and those of many others since, we still can-
not predict heat transfer downstream of an arbitrary film
cooling scheme because the fundamental problem of film
cooling remains unsolved. The story does not end here and, in
fact, closes at the beginning. About four years ago I began
working on the transition problem again, although I was inter-
ested in its unsteady aspects, and was surprised to learn how
litdle our fundamental understanding of transition had
changed in twenty years. Indeed, it really hasn’t changed much
since 1951 when Emmons discovered the formation of turbu-
lent spots in a laminar boundary layer.

So what has changed? From the fundamental standpoint, not
much. From the standpoint of a gas turbine design engineer,
however, a lot. Since the last symposium, there has been an
increasing flow of data from a wide variety of experiments
pertaining to gas turbine heat transfer, much of which is well
documented. This has provided the designer with a continu-
ing update of his or her data base. Some of these data were

obtained in full-scale turbine test facilities using advanced
data acquisition systems, and some were obtained in large
scale test facilities operated according to the fluid mechanic
similarity principles. Each type of facility is needed, although
I favor the large scale type because of their simplicity and the
chance of obtaining more detailed data. In addition, there
have been significant advances in numerical methods of anal-
ysis and experimental techniques which together will provide
the foundation of our future gas turbine design systems. So
the changes depend upon our standpoint and needs, even
though the primary interest and objective of our community
have remained the same.

This Symposium covered most aspects of heat transfer and
cooling in gas turbines. This may be seen from the titles of the
sessions themselves, namely,

© Turbine Blades — External Heat Transfer

® Turbine Blades — Internal Heat Transfer

® Measurement Techniques

@ Rotating Disks, Labyrinth Seals and Shafts

® Combustors

® Design, Interactions

® Prediction Methods.

After reviewing the papers presented in these sessions, not
including the Keynote Address, I would say about eighteen
concerned increasing our data base, ten concerned numerical
methods of analysis, five concerned measurement techniques,
five concerned full-scale engine simulation tests for the pur-
pose of design substantiation, and only one concerned a
fundamental question regarding gas turbine heat transfer.
Except for a few which addressed specific design issues, most
contain some element of research, some element of “new-
ness”. Coming back to the point I made earlier, and
considering the numbers above, it should not surprise anyone
that a lot has changed from a designer’s standpoint while not
much has changed from the fundamental standpoint. Now I
wish to discuss some of the advances I think we have made in
the last seven years, and, in so doing, I will also try to indicate
their future impact on gas turbine heat transfer and cooling
design. '

In recent years, the most significant advances have been in the
areas of unsteady flow, transitional flow, and rotational flow,
and in applications of the experimental liquid crystal tech-
nique and the computational fluid dynamic methods. Since I
am personally involved in two of thesc areas, namely,
unsteady and transitional flow, I will start with them.

I strongly believe that the largest improvements of durability
and efficiency in future gas turbine engines depend upon our
understanding of, and our ability to predict the highly
unsteady and three-dimensional flows which occur within
tbueengmes.lnaddmon,lmxlybehevethanhelanﬁmder
in gas turbine technology is understanding and cither actively
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or passively controlling these flows. The recent advances in
this area have been swift. About seven years ago we just
started to digest the first truly unsteady heat transfer and aer-
odynamic results, and now we already have simple, but useful
unsteady flow models for transition and complex, but practi-
cal unsteady, three-dimensional computer programs. The
advances being made in this area have been fundamental as
well as practical. Today, Dr Hah' described his unsteady,
three-dimensional computer program and told us that the
time-averaged aerodynamic loss associated with these flows is
not equal to the loss predicted by a steady flow calculation
using the time-averaged inlet flow conditions. Earlier this
week, I described a simple model for unsteady, multimode
transition and showed even for two-dimensional flow that the
time-averaged heat load on a cooled turbine airfoil cannot be
calculated using a steady flow analysis with time-averaged
inlet flow conditions. In other words, correct predictions of
either the aerodynamic losses or blade heat transfer require
unsteady flow considerations. In addition, Dr Epstein
described the three-dimensional effects of a non-uniform
inlet temperature profile on turbine blade heat transfer. Pres-
ently, our design systems either neglect these unsteady,
three-dimensional effects or incorrectly attempt to take them
into account by using time- and circumferentally-averaged
inlet conditions. We should be working hard toward replacing
these systems with their unsteady, three-dimensional
counterparts and using the new systems to design three-
dimensionally-tailored cooled airfoils having lower
aerodynamic losses which can operate at higher inlet temper-
atures.

Coming back to the story I related earlier, laminar-turbulent
transition has been a problem for many years and is, since
most flows in a gas turbine are transitional, still an important
problem to solve. Fortunately, there have been significant
advances here too. As explained in my recent review paper?
on the subject, the advances have not been in “fixing up” old
two-dimensional, steady-flow models of the phenomenon,
but in accepting and using the turbulent spot ideas of
Emmons. Mr Clark showed us very clearly this week that
these ideas provide an accurate description of transitional
flow. The new ideas also allow us to solve the unsteady transi-
tional flow problems such as those discussed in my
presentation. All of the advances here are very recent, and can
be attributed solely to a revolution in our thinking more than
anything else. Presently, however, most design systems still
use the old methods for calculating transitional flows. We
should be working towards incorporating the new thinking
into these design systems and obtaining data to clarify some of
the missing details in the new models.

The work in rotational flow with heat transfer can usually be
divided into three areas; flow in disk cavities, flow through

labyrinth seal passages, and flow in airfoil cooling passages.
Advances in all of these areas have mainly been associated
with acquiring more information about these flows, which, in
turn, has helped to dispel some of the “mysticism” surround-
ing (no pun intended) them. The more common experiments
involve rather sophisticated rotating test models and data
acquisition systems such as that described by Prof. Morris. A
conceptionally simpler rotating test facility using the liquid
crystal measurement technique was described by Prof. Metz-
ger. While interest in rotating flows and the heat transfer
associated with them is relatively recent, research and adv-
ances have generally followed the increase in turbine inlet
temperatures and coincided with the designer’s need. Calcu-
lation methods, such as those described separately by
Professor Owen and Professor Launder, have also been deve-
loped to handle these complicated flows. Presently, however,
most design systems use correlations to predict the effects of
rotation on turbine heat transfer. Here, we should continue to
develop practical computational methods for these flows,
particularly methods which can handie rotational flows in
complex airfoil cooling passages.

Following up on this statement, it is now clear that computa-
tional fluid dynamic and heat transfer programs have now
been developed to a point where they become more attractive
to use as a design tool. Euler solvers are now commonly used
by aerodynamicists and Navier-Stokes solvers are quickly
being introduced. Before these programs can become a main-
stay of the heat transfer design system. however, they must
become more accurate. The comparisons between calculated
and experimental results shown separately by Dr Chana and
Dr Rivir? just aren’t good enough yet for heat transfer design
purposes. Nevertheless, it is now practical to consider a
design methodology which uses computational fluid dynamic
and heat transfer programs, together with liquid-crystal-type
experiments to “quick check” the design and subsequently
modify it accordingly. As shown by Dr Pirrelli, this method
appears most suitable for designing turbine blade cooling
flow systems where the geometry of the passages and the
flows within them are so complex that our correlation laden
design programs are only approximate anyway. This is the
direction of the future, both for internal and external flows,
and we should be pursuing it vigorously.

In conclusion, there have been many changes. There have
been many advances, and if we are as successful in the next
seven years as we have been in the last, the next symposium
will be well worth attending,. It has been a pleasure to particip-
ate in this Symposium. The presentations and discussions
have been very good and stimulating. Now I wish to close by
thanking the Propulsion and Energetics Panel and all those
who participated in the Symposium. It has been a very worth-
while experience.

! The authors named in this report are those who presented their papers. They may not be the paper’s first author.
1“The Role of Laminar-Turbulent Transition in Gas Turbine Engines,” J. Turbomachinery, Vol. 113, 1991, pp. 509-537.
3 Dr Rivir presented the paper authored by Haldeman, Dunn, MacArthur and Murawski.
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Keynote Address

UNSTEADY, MULTIMODE TRANSITION IN GAS TURBINE ENGINES

Robert E. Mayle
Rensselaer Polytechnic Institute
Troy, New York 12180
USA

Abstract

A theory for unsteady, multimode transition on gas turbine air-
foils is presented. The theory, which provides a correction to the
Mayle-Dullenkopf multimode model, considers a more physi-
cally correct viewpoint by taking into account the periodic dis-
turbance caused by both the wake-induced turbulent strips and
the "becalmed” flow following them. In addition, a comparison
of the theory with data is provided, which shows excellent agree-
ment, and results illustrating the effects of transition onset dis-
tance and wake-passing Strouhal number on multimode transi-
tion are presented.

List of Symbols

a production rate of turbulent strips
c airfoil chord
n production rate of turbulent spots per unit distance in the
spanwise direction
Nu Nusselt number
Re Reynolds number
Strouhal number
t time
U. free-stream velocity
x surface coordinate in stream-wise direction
xtn onset of the wake-disturbed normal transition
xtw onset of the wake-induced transition

Greek

Y intermittency

y time-averaged intermittency

v kinematic viscosity

[+ Emmons’ spot propagation parameter
T wake-passing period

[} wake-passing frequency

Subscripts

L laminar

n normal transition mode

T  turbulent

w  wake induced transition mode

Introduction

In the past, laminar-to-turbulent boundary layer transition on
gas turbine airfoils was considered to be a "steady” event, or at
least a statistically steady event, and was calculated as such.
During the past decade or so, however, experimental evidence
began to appear which showed otherwise and now, after numer-
ous experiments (Pfeil and Herbst, 1979, Herbst, 1980, Pfeil et
al., 1983, Hodson, 1984, Schroder, 1985, 1989, 1990, Ashworth et al.,
1985, Doorly et al., 19856a, b and ¢, 1988, Dring et al., 1986, Dunn et
al.,, 1986, Wittig et al., 1988, LaGraff et al.,, 1989, Dong and
Cumpsty, 1989a and b, Mayle and Dullenkopf, 1989, 1990, Liu and
Rodi, 1989, Dullenkopf, et al., 1991, Orth, 1991, and Dullenkopf,
1992), it is generally accepted that transition on gas turbine air-
foils is unsteady and that the unsteady passing of wakes from the
previous airfoil row (see Fig.1) has the greatest effect. In partic-
ular, it is now recognized that the wakes themselves produce
nearly two-dimensional, spanwise-oriented, turbulent strips

which periodically propagate and grow along the airfoil surface,
as shown in the lower portion of Fig. 2, such that the affected flow
is part of the time laminar and part of the time turbulent. This
transition is called "wake-induced transition” and was, until
recently, considered to be the main unsteady effect of the wake on
the flow. The fraction of time the flow is turbulent is defined as
the intermittency, Y. For laminar flow y = 0, while for turbulent
flow y = 1. For transitional flow, of course, y lies between zero
and unity. Several intermittency distributions for wake-in-
duced transition are shown in the upper portion of Fig. 2. In this
figure, the onset of wake-induced transition is presumed to occur
at the streamwise position xyw.

Some of the same experiments (Pfeil and Herbst, 1979, Herbst,
1980, Pfeil et al., 1983, Wittig et al., 1988, Mayle and Dullenkopf,
1989, 1990, Dullenkopf, et al., 1991, Schrider, 1985, 1989, 1990, and
Dong and Cumpsty, 1989a and b), however, also revealed that
transition by any other mode can occur between the passing tur-
bulent strips. In each case, the transition taking place between
the strips was a periodically disturbed version of that which
would have occurred there if the mainstrean: flow had heen
steady. For this reason, and in the following, this transition
will be referred to as the "wake-disturbed” transition. A typical
intermittency distribution for a transition which would occur if
the mainstream flow was steady is shown in Fig. 3. In this fig-
ure, the onset of transition is presumed to occur at the streamwise
position x¢n and is caused by a random production of turbulent
spots as first described by Emmons (1951). An interesting con-
sequence of a combined unsteady, wake-induced and wake-
disturbed transitional flow is that multiple regions of laminar
and turbulent flow can occur simultaneously on the same sur-
face. That is, an instantaneous snapshot of the flow over a gas-
turbine airfoil, say, may show a laminar boundary layer near
the leading edge, a wake-induced turbulent strip farther down-
stream, followed by a second region of laminar flow, and an-
other transition to turbulent flow by any one of the usual modes,
be it natural, bypass, or separated-flow transition. This multiple
transitional behavior is called "unsteady, multimode transi-
tion” or simply "multimode transition” (Mayle, 1991).

To this author's knowledge the first evidence of multimode tran-
sition was presented by Pfeil and Herbst (1979) and later de-
scribed in a series of articles by Herbst (1980), Pfeil et al. (1983),
and Schroder (1985). They measured the steady and unsteady
velocity components in a flow along a flat plate positioned
downstream of a rotating cylinder of circular spokes aligned
parallel to the leading edge of the plate. Besides discovering that
the wakes produce turbulent strips and correctly describing the
wake-induced transition process, they discovered that a periodi-
cally unsteady transition could occur between the strips. In this
regard, they were the first to establish the basic features of the
multimode transition process as we know them today. Later,
Wittig et al. (1988) measured the time-averaged heat transfer on
a gas turbine airfoil in an unsteady wake-disturbed incident
flow which clearly showed multimode transitional behavior.
These measurements were obtained for wake-passing Strouhal
numbers less than four and indicated that one could easily treat
the wake-disturbed transitional portion of the flow as steady.
Later measurements obtained by Dullenkopf et al. (1991) and
Dullenkopf (1992) for higher Strouhal numbers, however, showed
that this is not always the case. About the same time, Dong and
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Cumpsty (1989a and b) presented their measurements on the un-
steady interaction between wake-induced turbulent strips and a
separated-flow transition bubble. In these papers, where velocity
measurements on a compressor blade in an unsteady wake-
disturbed incident flow are reported, it is clearly shown that
laminar separation was suppressed as the strips passed over the
separation location. In fact, for certain conditions, it was found!
that the wake flow prevented both separation and transition from
occurring at all, such that the flow between the turbulent strips
remained laminar all the way to the airfoil's trailing edge.

In developing their theory for wake-induced transition, Mayle
and Dullenkopf (1989) also presented a model for unsteady,
multimode transition. Based on the results of Wittig, et al., 1988,
which indicated little interaction, and Emmons’ (1951) turbulent
spot transition theory, they obtained an expression for the time-
averaged intermittency of a multimode transitional flow by as-
suming that the downstream transition was undisturbed by the
wake-induced turbulent strips except to the extent that the areas
covered by the strips were always turbulent. Specifically, this
was done by considering the production of turbulent strips and
spots to be independent of one another and the downstream tran-
sition to be steady. As shown in their original paper, the agree-
ment between this model and measurements for small Strouhal
numbers was excellent. As shown recently (see Dullenkopf and
Mayle, 1992, Fig. 2), however, their model fails to predict the cor-
rect behavior for higher wake-passing frequencies. In addition,
the theory is incapable of predicting either an extended laminar
or wake-disturbed transitional flow region such as observed by
Dong and Cumpsty.

The present paper is an effort to correct these shortcomings. In
the following, the idea of a "becalmed" flow will first be intro-
duced and its effect on wake-disturbed transition described.
Then the Mayle-Dullenkopf multimode transition result will be
outlined and a new theory introduced which ts for the ef-
fect of the becalmed flow. This is followed by a comparison of the
new theory with data. Finally, the results of several parametric
studies for multimode transition are presentcd.

The "Becalmed” Flow

As shown by Schubauer and Klebanoff (1955) the flow directly
following a turbulent spot is laminar and stable with regard to
any disturbances impressed upon it. Although not “"calm,” the
flow within this region has been called "becalmed.” While the
reason for this behavior is not yet known, the implication in
terms of transition is clear; turbulent spots can not be produced at
any position on the surface covered by this stable flow. Recent
measurements by Orth (1991) show that a similar becalmed flow
also follows a turbulent strip. Therefore, in multimode transi-
tion where wake-induced turbulent strips pass through another
transition region, both the disturbance of the strips and the sta-
bility of the flow following them must be taken into account.

Considering the effect of the becalmed flow on a boundary layer
in multimode transition, an instantaneous view of the boundary
layer and its intermittency distribution may appear something
like that shown in Fig. 4. In this figure, the flow upstream of xyw
is supposed fully laminar, while that far downstream is expected
to be fully turbulent. At the instant shown, the first turbulent
strip has yet to interact with the transition occurring down-
stream, while the second strip, together with its attendant be-
calmed flow, lies within it. Since the becalmed flow prevents
any turbulent spots from forming where they would normally
form, a completely laminar "strip” follows the turbulent strip as
it propagates through the wake-disturbed region of transition.
Unlike the turbulent strips, however, and as will be seen later,
these laminar strips decrease in length as they propagate down-
stream.

The various laminar, turbulent, laminar becalmed, and transi-
tional flow regimes corresponding to the flow just described are
shown in the distance-time diagram of Fig. 5. Cuts parallel to
the x axis describe the instantaneous state of flow on the surface,
while vertical cuts describe the unsteady behavior of the flow at a
fixed position on the surface. The instantaneous state repre-

1 N. Cumpsty, 1992, private communication.
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Figure 1. Unsteady flow in a turbine passage with muitl-
mode transition.

sented by the dashed line in this figure corresponds to that shown
in Fig. 4. The dark gray areas in Fig. 5 represent the turbulent
flow regions caused by the wakes, i.e., turbulent strips. Their
period corresponds to the wake-passing period t. Measurements
show that these strips are nearly two-dimensional and travel at
an average velocity equal to about 0.7 U, which is slower than
the wake. The velocities of the leading and trailing edges of
these strips are presented in Table 1, together with data previ-
ously gathered on turbulent spots. Their growth rate is given by
(Ute -Ute). Hence, turbulent strips and spots propagate and grow
at about the same rate. Furthermore, as shown by Orth (1991), the
rate is independent of whether or not the flow is accelerating or
decelerating. This latter observation confirms the assumption
made by Chen and Thyson (1971) in their transition model.
Since turbulent strips and spots simply convect with the flow, it is
always possible to represent their boundaries by straight lines in
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Figure 2. Wake-induced transition on s surfece and time-
averaged Intsrmittency.
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an x-t plot, even if the free-stream velocity varies. This may be
done by using a transformed streamwise coordinate x =

U.fdx/U(x"). Figure 5 has been drawn with this in mind.

Table 1
Reference Type { UleUw | Uto/Us
Orth Stnps 0.88 0.5
(dp/dx = 0, > 0, and <0)

Schubauer & Klebanoff | Spots 0.88 0.5

{dp/dx=0)
Wynanski et al. Spots 0.89 0.5

(dp/dx=0)

The white areas in the figure represent the laminar portions of
the flow on the surface. They have been separated into two re-
gions, however, in order to distinguish the laminar becalmed
flow from the remaining laminar flow. The line separating
these regions represents the trailing edge of the becalmed flow.
Schubauer and Klebanoff measured a trailing edge velocity
equal to the Tollmien-Schlichting wave speed. In their case, the
speed was 0.29U.,. Orth's data indicates a similar situation ex-
ists for turbulent strips. From his data, the trailing edge velocity
of the becalmed flow is estimated to lie between 0.30U., and
0.38U... The latter value nearly corresponds to the Tollmien-
Schlichting wave speed for the critical Reynolds number of in-
stability, while the former nearly corresponds to that found by
Schubauer and Klebanoff. These facts strongly suggest that the
size of the becalmed region is connected to the Tollmien-
Schlichting wave speed. If true, then the trailing edge velocity of
the becalmed flow will vary slightly with streamwise distance
as the boundary layer grows, however, there are not enough data
available to prove it. Neglecting this variation and using the
average of the above values, the trailing edge velocity of the be-
calmed flow will be about 0.34U.. From this and the values
given previously for the turbulent strip velocities, it is easy to
calculate that the ratio between the residence time of the be-
calmed flow over a point on the surface and the residence time of
the turbulent strip itself is about unity.

The light gray areas in Fig. 5 represent the transitional flow oc-
curring between the turbulent strips and becalmed flow. It
should be shaded light to dark from left to right indicating the
laminar-to-turbulent transition as shown in Fig. 3. This may
be either a natural, bypass, or separated-flow transition. Since
the turbulent spots which cause this transition are produced only
at xin and only after the becalmed flow has passed, transition
can only occur within the skewed triangular portion shown. The
interval of time, t,,, during which spots can be produced is easily
determined from geometry to be
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Figure 4. An instantaneous view of a muitimode transi-
tional flow.

where Ty is the interval of time during which turbulent strips are
produced by the wake at xyw, and (Uie)y is the trailing edge ve-
locity of the becalmed region. Using (Ute)p = 0.34U. and Ule =
0.88U.., this expression becomes

Tn = T-Tw- 1.80(Xtn - Xtw)/Uee (2)

The maximum distance downstream at which transition by any
other mode can begin is, therefore, x¢n max = Xtw + 0.55(% - tw)Ue.
Introducing the wake-passing Strouhal number, S = wc¢/Ud,
where o is the wake-passing frequency, this condition may be
rewritten as

Axtn max
c - c
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This relation is plotted in Fig. 6 for 1w = 0. If the distance be-
tween the onset of transition for an undisturbed incident flow
and wake-induced transition is greater than this, then transi-
tion cannot occur between the strips, and only wake-induced
transition will occur. For Axin < Axtn max, however, a multi-
mode transition will occur. The problem now is to determine the
time-averaged intermittency for multimode transition.

A Multimode-Transition Intermittency Model

The time-averaged? intermittency ¥y, for wake-induced transi-
tion was obtained by Mayle and Dullenkopf (1989) and is given
by

X-Xtw.

Fwix) = 1-ex;{-4atana(1!)(“—)]; (x 2 xXew) 4)
T U

where “a” is the production rate of turbulent strips, a is one-half
of their growth angle in the x-t plane (o =7.4°), and Uy is their av-
erage propagation velocity (Ug = 0.7U..). A sketch of this expres-
sion showing the effect of increasing wake-passing frequencies
(decreasing t) was given in the upper portion of Fig. 2. To obtain
eq. (4), Mayle and Dullenkopf assumed that the wakes turned the
production of turbulent strips on and off as they passed over the
location x¢w. Their assumed production rate distribution is
shown in Fig. 7. Later (1990), for typical gas turbine flows, they
found eq. (4) could be replaced by a much simpler expression,
viz,,

X-Xtw,

Fuwlx) = 1. exp{-l.9( Tt )]; (x 2 xtw) (5)

A plot of this expression and its comparison to some experimen-
tal results are provided in Fig. 8. The agreement is seen to be
excellent even though, as it turns out, the value of aty is much
larger than that for which eq.(4) was derived.

An expression for the time-averaged intermittency for either
natural or by-pass transition, assuming all turbulent spots are
randomly produced at xi, was given by Dhawan and Narasimha
(1958), viz.,

Yn(x)=1- exp[-(%g)(x-xm)z] 3 (x2xtn) (6)

In this expression, n is the turbulent spot production rate per unit
distance in the spanwise direction and ¢ is Emmons’ dimen-
sionless spot propagation parameter3 which depends on the shape
and velocity of the spot. A sketch of this expression was given in
Fig. 3. Comparisons of eq. (6) to experimental results may be
found in the original paper by Dhawan and Narasimha, among
many others (see Mayle's 1991 review). The agreement is found
to be excellent.

2 Averaged over one wake-passing period
See Emmons (1951)
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Figure 7. Wake-induced production function for tur-

bulent strips.

The multimode model proposed by Mayle and Dullenkopf uses
eq. (5) for the wake-induced intermittency and eq. (6) for the
wake-disturbed intermittency, together with a superposition
model which provides the fraction of time the flow is turbulent
when both transition processes occur simultaneously, viz.,

Fx) = 1-QAF)1Fw) M

The present theory attempts to correct their result by modifying
eq. (6) to account for the periodic passing of the turbulent strips
and their becalmed regions of flow.

Since turbulent spots cannot be produced at xyn when either a tur-
bulent strip or its attendant becalmed flow is directly above, it is
assumed that the production of turbulent spots at x¢,, will be as
shown in Fig. 9. This production function may be substituted di-
rectly into Emmons’ general intermittency expression and
time-averaged similar to that done by Mayle and Dullenkopf
(see Appendix, 1989) to obtain the time-averaged intermittency
distribution for wake-induced transition. Although the analysis
is not simple, it can be shown that for small values of noU..12 the
solution is

¥nx)=1- exn[-(?)(%‘)(x-xm)z] v (x2Xen) (8)

The restriction on noU.12 implies that the dimensionless pro-
duction rate navlei for typical mid-sized gas turbines should

be less than (10)'9. This implies that the free-stream turbulence
level should be less than eight percent (see Mayle, Fig. 9, 1991).
Since this restriction is quite reasonable for gas turbine flows, it
would appear that eq. (8) will provide a good approximation for
the time-averaged intermittency distribution in the wake-dis-
turbed transition regime on a turbine airfoil.

With this, the present method for predicting the time-averaged
intermittency in multimode transitional flows is to use egs. (7),
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Figure 8. A comparison of wake-induced transition

theory with experiment.




4
Qo
5 -‘.—-tn_—,
2
ap
2%
g oo
5
@
0 -
0 -1 T
TIME, t

Figure 9. Production function for turbulent spots
when disturbed by wakes.

(5) and (8), with t, obtained from eq. (2). The quantities no, xtw,
and x¢n may be obtained from correlations presented by Mayle
(1991). A simple, but good, method for obtaining the Nusselt
number distribution (or the distribution of any boundary layer
quantity) is to use Emmons’ superposition model, viz.,

Nu(x) = (1-%) Nur,(x) + ¥ Nug(x) (9)

where Nup, and NuT are the Nusselt numbers for fully-laminar
and fully-turbulent flow on the surface. When using this ex-
pression, however, and as shown by Dhawan and Narasimha,
the fully-turbulent boundary layer must be considered to start
from the onset of transition. For other boundary layer quanti-
ties, such as the energy thickness, one substitutes the correspond-
ing quantities for Nu, Nug,, and Nur into eq. (9).

A Comparison of the Theory with Data

The only data available with which this theory can be compared
are the heat transfer measurements presented by Dullenkopf, et
al. (1991). The measurements were obtained on an airfoil in a
full-scale, stationary cascade, with an unsteady wake generator
of rotating bars placed upstream. The apparatus and experimen-
tal technique have been completely described by Wittig et al.
(1988) where some preliminary results were given. All of the re-
sults may be found in Dullenkopf's dissertation. Measurements
without bars were also obtained both with and without an up-
stream turbulence grid. For the data shown below, the inlet flow
velocity was 80 m/s and the angular velocity of the rotating bars
was 262 radians/s. The different wake-passing frequencies
were obtained by rotating a different number of bars. The airfoil
chord was 82 mm.

For each test, the time-averaged intermittency data was evalu-
ated using the measured Nusselt numbers and eq. (9), viz.,

Nu(x) -Nug,(x)

YR = Nu(x) -Nup(x)
1
Mayle &
Dullenkopf,
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and compared to the theory calculated as explained above. The
values of Nut and Nuy, were obtained from the data taken with-
out bars and with the turbulence grid in and out, respectively.
The values of xq,, were obtained by a best fit to the wake-induced
portion of the data, while the x¢, values were obtained by a best fit
to the wake-disturbed portion. The latter values correspond
closely to those which would be predicted using the free-stream
turbulence of the incident flow between the wakes and the corre-
lations presented by Mayle (Figs. 10 and 15, 1991). While simi-
lar correlations do not exist for xiw, all the values obtained by
fitting the data were found to lie near the minimum pressure re-
gion on the airfoil. This corresponds to Mayle's rule of thumb
(see discussion on pp. 522 and 523, 1991). The value of nc was
obtained by fitting the transition data obtained on the airfoil for a
steady incident flow, undisturbed by wakes, and with no grid.

The resuits for the suction side of the airfoil are shown in Fig.
10. (See Dullenkopf and Mayle, 1992, for a discussion on the ef-
fect of the wakes on the pressure side of the airfoil.) In this fig-
ure, the wake-passing Strouhal numbers are based on the inlet
velocity. A typical Strouhal number for a mid-sized gas turbine
is about four. Each data set represents an average of four to five
test runs with a scatter of less than five percent. The theoretical
values of the time-averaged intermittency were calculated from
eqs. (5), (7), (8) and (2), with Ty = 0. The agreement between data
and theory is excellent, even for the highest Strouhal number
where the effect of the turbulent strips and becalmed flow on the
downstream transition is the largest. For this case, the intermit-
tency calculated using the original Mayle-Dullenkopf multi-
mode model is also shown and predicts a shorter transition to
fully turbulent flow. The difference between these two predic-
tions is the result of taking into account the becalmed flow. The
differences for the lower Strouhal numbers are much smaller
and are not shown for clarity.

The results shown in Fig. 10 for the two highest Strouhal num-
bers are presented as Nusselt number distributions in Fig. 11.
The data is that measured directly, while the theoretical values
were calculated using egs. (5), (7), (8), (2) and (9). The agree-
ment is excellent.

Some Calculations

While the above comparisons provide a typical example of mul-
timode transition, the effects of onset location and wake Strouhal
number on the overall behavior are not so obvious. These effects
are shown in Figs. 12 and 13 where calculated time-averaged
intermittency distributions are plotted against the streamwise
distance measured from the onset of wake-induced transition.

In each of these figures, ¥ has been calculated using eqs. (2), (5),
(7) and (8) with 1y = 0 and nac?/U.. = 1.

The effect of distance between the onset of wake-induced transi-
tion and the onset of wake-disturbed transition is shown in Fig.
12 where Ax¢p/c = (Xt - Xtw)/¢. In general, the position where
each curve leaves the wake-induced transition curve divides the
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flow into two regimes. Upstream of this position, the flow is dom-
inated by the wake-induced transition process, while down-
stream it is dominated by the wake-disturbed process. In Fig. 12,
it is obvious that as the distance between the two transition onset
locations increases, more of the flow over the surface is domi-
nated by the wake-induced transition process. Not so obvious i8
the effect of the becalmed flow. This effect may be seen by com-
paring the length of the wake-disturbed transition region for dif-
ferent values of Axyp/c. For larger Axtn/c, the effect of the be-
calmed flow is to decrease the time during which turbulent spots
;:_rn be produced, therefore delaying transition to fully turbulent
ow.

The effect of Strouhal number on multimode transition is shown
in Figs. 13a and b where calculations for Strouhal numbers S =
2, 4 and 8 are presented. Here the effect of the becalmed flow is
more obvious. As the Strouhal number increases, the time dur-
ing which turbulent spots can be produced between the strips de-
creases, again delaying transition to fully turbulent flow. As
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pointed out earlier, and as shown in Fig. 6, it is possible for large
values of either S or Axyp/c that no transition will occur between
the turbulent strips. The condition for this to occur is given by
eq. (3).

Since the behavior for large values of S and Ax¢n/c is similar to
thet observed by Dong and Cumpsty, a calculation was per-
formed using a simple model for separated-flow transition. The
model, although strictly hypothetical, is based on the separated-
flow transition model presented by Mayle (1991) which presumes
a similarity between separated-flow and attached-flow transi-
tion. The implication is that separated-flow transition may be
treated as a short attached-flow transition when calculating the
intermittency distribution. Arbitrarily assuming n6c2/Uy, =
0.1, which provides a short transition length, time-averaged in-
termittency distributions were calculated using egs. (2), (5), (7)
and (8). The results of these calculations are shown in Figs. 14a
and b for several "separated-flow” multimode transition situa-
tions where "separation” was assumed to occur at Axyn. The
trend, which clearly shows a delay in transition to the fully tur-
bulent state, may explain the observations of Dong and Cumpsty.
Again, the effect is caused by the periodic passing of the wake-
induced turbulent strips and becalmed flow. In this case, how-
ever, it is physically attributed to the fact that neither separation
nor transition can occur when the strips and the becalmed ‘low
pass over the separation point.

Conclusions

A model for multimode transition which correctly predicts ex-
perimental resuits for high as well as for low wake-passing fre-
quency was developed by accounting for the effects of the be-
calmed flow following the wake-induced turbulent strips. The
mode! also predicts that transition to the fully turbulent state will
be delayed by the unsteady effect of passing wakes. This effect,
which has been observed experimentally, depends on both the
wake-passing Strouhal number and the distance between the on-
set of wake-induced transition and the onset of wake-disturbed




transition. For larger vaiues of both, it was shown that multi-
mode transition cannot occur. A criterion for this situation was
also provided.
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ABSTRACT

In HP turbines, predictions of the heat transfer to
the blade and endwalls is particularly important for an
accurate assessment of turbine component life. On
the endwalls, there are often complex 3D (secondary)
flows present which make predictions of heat transfer
particularly difficult.

A detailed investigation of this arca has been carried
out on a fully annular cascade of highly 3D nozzle
guide vanes. Measurements were made on the vane
and endwalls to determine heat transfer and
aerodynamic characteristics.  Testing was conducted
in a short duradon Isentropic Light Piston test
facility, at engine representative Reynolds number,
Mach number and gas-to-wall temperature ratio.
Interpreted test data are compared with computations
obtained at test conditions.

1. INTRODUCTION

In order to increase thrust-to-weight ratio and
achieve maximum cycle efficiencies with gas turbine
engines it is necessary to raise the cycle temperatures
to the maximum, within the constraints of structural
integrity. Thus the need to understand in detail and
predict accurately the heat transfer distributions for
high pressure turbines becomes an important factor.
The presence of complex highly three-dimensional
secondary flows within the turbine passage makes the
turbine designer’s task very difficult.

Several different investigations of nozzle guide vane
(NGY) acrofoil and endwall heat transfer behaviour
have been re in the literature. The work of
York et al (1983), Gladden et al, (1988) and Boyle et
al (1989), concentrated on two-dimensional cascade
measuremnents, and although general features of the
flow were modelled radial pressure gradients were
not. Granziani et al (1979), and Gaugler and Russell
(1983), correlated detailed heat transfer
measurements with secondary flow patterns.  This
work was not representative of engine operating
conditions in terms of Reynolds number, Mach number
and gas-to-wall temperature ratio. More recent work
by Harasgama et al, (1990), and Harvey et al, (1990),
have shown detailed information on the pattern of heat
transfer within 8 NGV passage. However, these NGV
designs incorporated relatively few three-dimensional
features.

United Kingdom.

A highly three-dimensional nozzle guide vane has
been designed and tested at DRA Pyestock. The
prime objective was to produce a challenging
three-dimensional design which would act as a
stimulus  for aerodynamic and thermodynamic
research.  Fully three-dimensional flow calculaton
methods were employed in the design of the
variable-lean nozzle guide vane. Figure 1 shows the
details of the vane and the computational grid used.

The purpose of this paper is to describe heat flux and
pressure measurements obtained from a set of NGV's
using the Isentropic Light Piston Facility (ILPF) a
short duration heat transfer tunnel.  The NGV
annular ring was tested over a range of Reynolds
number, Mach number and gas-to-wall temperature
ratios, representative of ecngine conditions. The
detailed measurements are compared with theoretical
flow and heat transfer predictions.

Figure 1. HTDU 4X vane and computational grid

2 DESIGN DETALLS

2.1 Duty

The aerodynamic design of the high pressure turbine
was targeted for a future engine of advanced military
duty. The turbine has been designated the High
Temperature Demonstrator Unit (HTDU) 4X. It has
the following overall design parameters.

Stator outlet temperature (SOT) 2066.1K
Specific work capacity (CPAT/T) 179.6 J/Kg K
Stage loading factor AH/U? 2.002

Stage pressure ratio 2416
Flow function Va/U? 0.625
NGV flow function w¥T/P 1.06 x 103 KgVK m?/gN




Mean rotor hub/tip ratio 0.87
Number of NGVs 27
Number of rotor blades 56

2.2 Overall Design Objectives

The HTDU 4X NGV was designed to take account of
three-dimensional  aerodynamic  effects. Full
three-dimensional  inviscid time marching flow
calculation methods such as those developed by
Denton (1982), provide the scope for a better
understanding of the aerodynamics in complex three-
dimensional blade passages. Such tools have been
used to design the HTDU 4X blading in onder to
control the flow in a particular manner and hence
achieve high efficiency. The design criteria set for
HTDU 4X were:-

i Maximise space/chord ratios without penalising
acrodynamic performance by controlling the
aerodynamic lift across the span of the blade.

ii Control of secondary flows and deleterious
pressure gradients within the blading to achieve
lower losses.

Item (i) should result in significant advantage in
terms of reduced aerofoil numbers, lower weight and
reduced cooling flow and therefore be of direct
benefit to military engines operating at high SOT. In
the case of (ii) there is a significant amount of
research (Horton et al, 1991), which demonstrates
that endwall profiling can be very effective in
reducing endwall secondary flows, and the strength
of the passage vortices which contribute significantly
to the overall turbine losses. An undesirable
migration of endwall boundary layer flows on to the
aerofoil can be controlled by correct optimisation of
the three-dimensional geometry. The inclusion of
such features should facilitate achievement of high
target efficiencies.

Although designed with the Denton code this paper
presents comparisons of experimental data with
predictions from the three-dimensional Dawes
Navier-Stokes code (Dawes, 1986).

2.3 HTDU 4X NGY Design Details

The following design concepts were applied:-
i  Spanwise control of acrodynamic lift.
ii  Variable-lean of the NGV trailing edge.

iii Control of aerofoil pressure surface diffusion.

The principle of spanwise graduation of aerodynamic
lift to maximise space/chord ratio without penalising
acrodynamic performance is achieved by the variation
in loading from hub to tip. The tip is forward loaded
and the hub rearward. In the hub regions, where
exit Mach numbers are highest acrodynamic lift is
deliberately restrained to moderate levels. In the
centre and outer span regions, where exit and peak
surface Mach number levels are lower, higher levels
of loading can be tolerated.  This provides the
potential for increasing acrodynamic lift but at the
expense of some risk of boundary layer thickening or
separation on the back surface, with accompanying
increase in profile loss. The diffusion on the back
surface must be controlled to avoid this happening.

Variable-lean is applied to the NGV through compound
tangential and axial lean o1 the wailing edge. The
purpose of this three-dimensional geometry is to
control (i) secondary flows in the passage, (ii) the
aerodynamic loading on aerofoil sections close to the
endwalls, (iii) the migration of boundary layers on
the aerofoil surfaces.

Control of aerofoil pressure surface diffusion involves
the concept of designing the acrofoil pressure
surfaces for minimum forward pressure surface
diffusion adjacent to endwalls. This principle has
been applied successfully to previous research
turbines. The method involves thickening up the
forward pressure surface of the aerofoil close to the
endwalls so that velocities are increased in this
region.

There is no doubt that the HTDU 4X NGV is an
adventurous design in that it embodies to an extreme
degree design concepts which are believed t0 be
sound in principle but have yet to be clearly
demonstrated. The present tests have enabled some
of these concepts to be assessed.

3 EXPERIMENTAL FACILITY

The tests were performed in the DRA Pyestock ILPF.
This is a short duration transient rig, designed to
allow high quality heat transfer and aerodynamic
measurements to be taken for a full-size annular
cascade of turbine vanes. The use of this technique
for turbomachinery measurements was pioneered by
Schultz et al, (1973), The Pyestock facility is
described by Brooks et al, (1985). A schematic view
of the ILPF is shown in Figure 2.

HP air bottles
L otf

Working
section

Piston

Pump tube

Figure 2. The Isentropic Light Piston Facility

A light free piston is forced along a tube by high
pressure air. The action of the pision compresses
and thereby heats the air ahead of it. When a
predetermined level of pressure is reached a fast
acting valve opens allowing the heated air to flow
through the working section and into a dump tank.
This gives steady state operating conditions for the
duration of the run, which can be varied from about
0.5 to 1.0 sec depending on the rise in air
temperature required. The test conditions can be
matched to engine values of both Reynolds number
and Mach number. Engine values of gas-to-wall
temperature ratio are also matched. A major
extension of the facility, 10 enable heat transfer data
10 be taken from a rotating rotor mounted downstream
of the nozzle row, has been designed and
manufactured and is currently being commissioned.

For heat transfer measurements the NGVs are
manufactured from machinable glass  ceramic
(Corning Macor)! which has a low thermal diffusivity,
on which are painted thin film gauges. The rapid
change in surface temperature during an ILPF run is




converted to hecat transfer rate by an clectrical
analogue circuit which solves the one-dimensional
transient heat conduction equation (Oldfield et al,
1984). The output signal is then digitised and
recorded on a mini computer. The present tests
included thin film gauges at 10%, 20%, 40%, 60%, 80%
and 90% spanwise locations with 12 on the suction side:
and 10 on the pressure side at each spanwise location.
There were 82 gauges on the inner wall and 76 gauges
on the outer wall. With this level of instrumentation
it was possible to obtain an accurate distribution of
vane surface and endwall heat transfer. Accuracy of
the present heat transfer data is within +5%. Figure 3
shows vanes instrumented with thin films.

Figure 3. Vanes instrumented with thin films

The distribution of static pressure on the NGVs was
measured using surface tappings, and the inlet total
pressure was determined using 3 inlet probes,
positioned at 120° intervals circumferentially.  The
pressure signals were recorded using a fast acting
Scanivalve? ZOC (Zero, Operate, Calibrate) system.
The NGVs were fitted with tappings at 5%, 10%, 20%,
40%, 60%, 80%, 90% and 95% span with 14 on the
suction side and 11 on the pressure side, at each
spanwise location. The inner plaform was
instrumented with 83 pressure tappings and the outer
platform contained 77 pressure tappings. The overall
accuracy for the aerodynamic results is such that the
isentropic Mach numbers calculated from the measured
static pressures are accurate to within £ 0.1% for
transonic flow conditions. At low flow velocities the
error is significantly larger, representing about 10%
at 0.1 Mach number due to the smaller difference
between the total and static pressures. All tests were
performed with a turbulence grid at 4.5 axial chords
upstream of the NGVs, giving an inlet turbulence
level of 6.5%. Table 1 shows details of the NGV
operating conditions.

4 AERODYNAMIC RESULTS

4.1 Surface Aerodynamics

Mach number distributions at 60% span for three Mach
number conditions are shown in Figure 4. The
measured Reynolds number has been kept constant for
these results. The pressure side aerodynamics are

1 Corning Macer Trademark of Coming Macor
Glass, Corning, USA

2 Scanivalve - Trademark of Scanivalve Corp,
San Diego, USA

TABLE 1. TEST OPERATING CONDITIONS

ReD: ReD: ReD: I Re= Re.D: Res:
M- MD M MD MD MD

EXIT MACH [ ¥ 0.8 1.10 0.8 0.0 0.8
NUMBER

EXIT REYNOLDS 29666 | 29666 | 29686 || 14852 | 2.96E6 | 4. u4BS
NUMBER

GAS-TO-WALL 15 1.5 15 15 15 15
TEMP. RATIO

INLET 65% 65% 65% 65% 65% (X3
TURBULENCE

little influenced by changes in exit Mach number.
The suction side results are similar for all three
conditions during the initial acceleration from the
leading edge to approximately 20% axial chord. The
below design and design Mach number condition show
diffusion once the initial acceleration peak has been
reached, whereas the above design condition
continues to accelerate further before diffusion takes
place at approximately 85% axial chord.

Measured and predicted Mach number distributions at
60% span at the design condition are shown in Figure
5. As can be seen the Dawes code (Dawes, 1986)
does not predict the suction side diffusion very well.
Possible reasons for this could be inadequate
modelling of the trailing edge geometry, differences
between the modelled and true downsweam annulus
duct and the lack of grid resolution. The grid used
for this prediction is 74 axial, 25 radial and 25
tangential points on a sheared H grid. The
discrepancies near the leading edge on the pressure
side are attributed to experimental error. The total
to static pressure differences are small in this region,
thus the error in isenwopic Mach number becomes
more significant.  The remainder of the pressure
surface is very well modelled.
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Figure 4. 60% span Mach number variation

Measured and predicted suction side isentropic Mach
number distributions for three exit Mach number
conditions are shown in Figure 6. Mach numbers at
the vane root are higher than the tip, as required by
radial equilibrium. The distributions indicate a
significant change in aerodynamics as the exit Mach
number is increased from the below design condition
to design and above design. The predictions show
similar features to the experimental resuits.  The
initial rapid acceleration is predicted well in all three

_ cases, with some differences towards the tip.
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Figure 5. Vane surface Mach number
distribution at 60% span.

However, this region has highly 3D geometry and is
of particular difficulty for instrumenung static
tappings. It is possible that some tappings may not
be normal to the local surface. The vanes are
manufactured by the use of a computer numerically
controlled machine and are then hand finished to
achieve a smooth surface particularly at the leading
edge, at the junction between endwalls and the vane
and at the trailing edge. This final finishing process

Measured

Ma = 0.75

Predicted

Ma = 0.88

may have introduced small local differences in these
areas.

Discrepancies towards the trailing edge of the vane
vary depending on the Mach number condition. For
the below design case the prediction compares very
well with a few small differences near the trailing
edge between 40% and 60% span. As previously
discussed, the design and above design conditions
show much less agreement with the prediction once
the initial acceleration peak is reached. The
experimental results show mainly diffusion but the
prediction indicates a further acceleration.

The measured pressure side isentropic Mach number
for the design condition is shown in Figure 7 together
with a prediction. The prediction compares very well
with the computed results. This was also true of the
below and above design Mach number condition.

Hub and casing Mach number distributions for
measured and predicted results are shown in Figure
8a and 8b. The hub Mach numbers exceed those on
the casing due to the radial equilibrium criteria.
When operating at the high Mach number condition the
hub platform shows a trailing edge shock impinging on
the suction surface. The comparison between
measured and computed results shows very good
agreement, for both hub and casing platforms. These
results obviously validate the 3D Navier-Stokes code
as a fast and relatively accurate method for the
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Figure 6. Comparison of measured and predicted
suction surface Mach no

acrodynamic design of turbine NGVs. However, the
suction side prediction towards the trailing edge could
be improved further and  wammants more
investigation,

4.2 Exit Area Traversing

The total pressure trace obtained from the centre hole
of the three hole probe together with a 3D flow
(Dawes, 1986) prediction are shown in Figure 9. A
small amount of digital smoothing has been applied to
the measured data to remove high frequency noise.
The application of 3 hole probes in the ILPF has been
described by Harasgama and Chana (1990).
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Figure 7. Comparison of measured and predicted
pressure surface Mach no
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Figure 8a. Measured and predicted hub Mach number distribution

Individual experimental sweeps, after processing,
have been combined to form the complete area

traverse. The traverse was carried out at
approximately 5% axial chord downstream of the

trailing edge. The measured profile wakes can be
clearly seen, at mid-height the wake is considerably
wider than that near the endwalls. The wake is wider
due to the wailing edge stacking; the probe tp is
thus further from the trailing edge at mid-height than
near the root and tip. The measured data also show
areas of significant total pressure loss. these
correspond to the horse-shoe vortex as seen in Figure
12a. The Navier-Stokes prediction also shows wider
wakes at mid-height than near the endwalls and
compares very well, although the areas of much larger
loss created by the horse-shoe vortex are not
predicted at all.

5 HEAT TRANSFER RESULTS

Nusselt number distributions on the vane aerofoil
surface at 60% span for 5 running conditions are
shown in Figure 10. As can be seen the Nusselt
number increases as Reynolds number is increased,
on both suction and pressure side. The variation of
heat transfer with Mach number is also shown on
Figure 10. In this case Nusselt number decreases
with increasing Mach number. This is due to the
shear stress in the boundary layer decreasing as the
flow wvelocity increases. These results are in
agreement with the work of previous authors (Jones
etal, 1989).

Contours of Nusselt number overlaid onto a 3D view of
the NGV suction side are presented in Figure 11. It
can be seen that there is a significant effect of the
secondary flow on the heat transfer distributions.
The effect is seen to be more pronounced at the tip
than the hub. The mid-span Nusselt numbers

towards the trailing edge are consistently higher than
near the endwalls, for all operating conditions. This
is due to endwall boundary layer migration onto the
vane suction side resulting from secondary flow in the
vane passage. Flow visualisation performed on the
endwall and vane surface in the ILPC (Figure 12a and
12b) indicate that the secondary flow is stronger near
the casing than at the hub. This effect is well
predicted by the Dawes (1986) flow solver as can be
seen in Figure 13, The hub se ndary flow appears
on the suction surface later than the casing and does
not migrate along the span to the same extent. The
prediction shows this effect but to somewhat lesser
extent than indicated by the flow visualisation.

Increasing Reynolds number causes the Nusselt
number over the entire vane surface to increase,
whilst on the suction surface the reverse occurs for
increasing Mach number. The pressure side Nusselt
number distributions did not vary significantly with
the Mach number changes and there is very little
spanwise variation, see Figure 14.

Endwall heat transfer is affected by the inlet
boundary layer, vane aerodynamic loading and the
geometry of the vane passage. The tests have shown
that there are some differences in the inner and outer
wall Nusselt numbers both in magnitude and
distribution.  Figure 15 shows hub Nusselt numbers
for all conditions. As the Reynolds number is
increased the region of highest heat transfer becomes
concentrated at the pressure side trailing edge.

The inlet endwall boundary layer stagnates at the
vane leading edge and forms a horseshoe vortex. The
two legs of this vortex, on the pressure and suction
sides, proceed into the two adjacent passages. The
pressure side leg is swept across the endwall by the
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Figure 8b. Measured and predicted casing Mach number distribution

passage secondary vortex to the sucuon side and then
up the vane suction surface. This causes the
boundary layer to be stripped off the endwall and
convected to the suction side of the passage and then
up the suction surface of the vane. A new thin
highly skewed boundary layer thus forms behind the

Measured

Predicted

separation line, which results in high heat transfer in
this region (Chana, 1992). Low values of heat
ransfer are evident close to the suction side of the
passage after approximately 50% axial chord. This is
generated by the low energy tluid migrating across
from the pressure side trailing edge region.  Outer
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Figure 9. Measured and predicted total pressure contours 105% axial chord
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Figure 13. Predicted flow vectors

endwall Nusselt numbers show a similar trend (Figure
16), although the distributions show lower heat
rransfer near the suction surface indicating a greater
migration of the endwall boundary layer from the
pressure side towards the suction side.

42E4
13E4
.34E4

[
2E4
18E4
. 14E4
1E4

Figure 11. Suction side Nusselt number distribution
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Figure 14. Pressure side Nusselt number
distribution

An auempt has been made to compute the Nusselt
number distribution to the vane at 60% span. Figure
17 shows measured and predicted aerofoil Nusselt
numbers.  The predictions were performed using
versions of the Stancool and Texstan boundary layer
codes (Crawford and Kays, 1976). The codes were
run using the predicted pressure distributon from 3D
Dawes. Two-dimensional calculations were performed
along grid lines on the vane surfaces; no allowance

Re = 2.96
Ma = 0.7§

for surface curvature was included. The grid lines in
this region follow the stream lines very closely. The
inlet turbulence was set at 6.5%. The Prandtl mixing
length model was used with Van Driest damping in the
near wall region.

The Texstan computation was started close to the
leading edge from a specified boundary layer
dimension. In the case of Stancool an initial distance
from the stagnation point was specified. It was found
that the subsequent turbulent boundary layer
development was only weakly dependent on the initial
laminar region. Transition location was determined by
the correlation of Abu-Ghannam and Shaw (1980) in
the case of Stancool computations and a transition
Reynolds number of 200 was specified for Texstan. It
will be seen that transition is quite well predicted
using both approaches. The heat transfer levels are
in error by around 30% in the worst case, for the
pressure side, but the errors are more typically 10%.
The pressure surface results from Texstan show good
agreement. The discrepancies towards the trailing
edge are probably due to irregularities in the trailing
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Figure 15. Hub Nusselt number distributions

edge predicted pressure distribution from Dawes, as
discussed in Section 4. On the suction surface
Texstan performed less well with a large over-shoot
but then approached the experimental results.
Stancool predicted the suction side Nusselt number
distribution reasonably well but substantally under
predicted on the pressure side. Stancool results with
the transition location determined by a Reynolds
number of 200 predicted slightly later transition and
gave slightly better results.

The Texstan code used was an ecarlier release and did
not include many of the features of the more mature
Stancool code. Many refinements to the predictions

remain to be explored. These include smoothing of
the imposed free stream velocity distribution,
curvawre specification and introduction of trbulent
transport equations,

CONCLUSIONS

A highly 3-dimensional nozzle guide vane has been
successfully  designed and  tested at  engine
representative conditions.

Three sets of aerodynamic measurements have been
taken at different Mach number conditions. The
results indicate the vane is generally operating as




Figure 16. Casing Nusselt number distributions

designed with some unexpected behaviour towards the
suction side trailing edge.  This warrants further
investugation. The flow visualisation of endwall cross
flow indicated the presence of secondary flows and
ties in with measured heat transfer panterns. Regions
of high heat tansfer found in other designs
previously (Harasgama, 1990) in the endwall mid
passage region have been reduced in area and
confined to the trailing edge region. Variation of the
Nusselt number with changes in Reynoids number are
consistent with classical flat plate analogy. The
effect of Mach number variation on Nusselt number
confirms results reported by other authors.

All the measurements and predictions indicate that the
secondary flows present are strongest near the
casing. The downstream area traversing technique
has produced good results, and these compare well
with those predicted using the 3D Dawes Navier
Stokes solver. However the computations made so far
show no evidence of the endwall horse-shoe vortices.

Boundary layer heat transfer calculations at 60% span
on the vane surfaces are promising. Transition was
well predicted using either a Reynoids number of 200
or the correlation of Abu-Ghannam and Shaw.
Predicted heat transfer levels are in emor by
typically 10% with a worse case error of 30%. Further
work is obviously required to resolve inconsistencies
and refine the resuits.
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Figure 17. Predicted and measured aerofoil
Nusselt number at 60% span
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Discussion

QUESTION 1:
DISCUSSOR: T. Arts, von Karman Institute
Did you measure the inlet pressure and temperature profiles and did you take them into
account in your predictions?
AUTHOR'S REPLY:
The boundary layer thickness has been measured. It is very small and has been taken

into account in the Navier-Stokes calculations. The temperature profile is almost linear.

The calculation, however, does not take this into account.

QUESTION 2:

DISCUSSOR: C. Hah, NASA Lewis Research Center
What type of transition model was used for the full three-dimensional flow and heat
transfer calculation?

AUTHOR'S REPLY:
For the full three-dimensional calculation the start and end of transition was specified.
For the two-dimensional boundary layer calculation a transition momentum thickness
Reynolds number of 200 and the correlation of Abu-Ghannam and Shaw were both used.
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SUMMARY

Results of naphthalene sublimation
measurements and flow visualization
studies near the base of round and a
square cylinders mounted on a flat
plate are compared with similar
measurements in the endwall region
of a turbine blade. Differences and
similarities of the flow and mass
transfer are discussed. Samples of
mass transfer distribution and
visualization results in the region
are provided. Supported by the
sublimation and the flow
visualization results models for the
vortex structure in the flow are
suggested.

NOMENCLATURE
C Blade chord length

D Diameter of round or side of
square cylinders

Df Diffusion coefficient of
napthalene

hm Mass transfer coefficient

Re Reynolds number(UC/vor
UDN)

Sh  Sherwood Number (hm C/Df
or hm D/Df)

Sg  Curvilinear distance along
the suction side (Fig. 5)

Stm Mass transfer Stanton
number (hpy/U)

Mass transfer Stanton
number in the absence of
protrusion

U Upstream velocity

X,Y,Z Coordinate system

o1 Boundary layer

Sto

displacement thickness
v Kinematic viscosity of air
INTRODUCTION

Knowledge of flow and temperature
fields near the junction of a body
attached to a surface is required in a
number of systems. Junctions of
blades to hub in turbomachinery, flat
fins to pipe or pin fins to plate in
heat exchangers, and wings to body
in air planes, are only few examples
where the knowledge is useful.

Investigation of the flow field near
such junctions are reported by many
authors. References (1-4) contain
results of flow measurement near
the junction of a round cylinder
mounted on a flat plate, and
references (56-8) provide information
on the flow near the base of a turbine
blade. These investigations indicate
that the flow boundary layer
separates ahead of the projected
body and a system of interacting




vortices are formed. The largest of
these vortices, commonly called
horseshoe vortex, is the one that is
most mentioned in the literature.
Smaller vortices (a corner vortex
and sometimes pairs of counter
rotating vortices) are also reported.
The important parameters that
influence the vortex structure have
been determined to be the flow
Reynolds number (based on the
protrusion's dimension), the
thickness of the boundary layer, and
the size and the shape (bluntness) of
the protrusion. The flow is found to
be unsteady.

In front of an upright cylinder
mounted on a flat plate, different
numbers of vortices (Ref 4) with
varying strengths (Ref 9) are
reported. The observed numbers of
vortice, besides being influenced by
geometrical dimensions and flow
conditions, appears to have been
affected by the observation technique
and the size and the speed of
response of the sensor employed. A
similar situation, enhanced in
complexity by the blade shape, the
flow incidence angle, and the cross
flow in the passage, prevails in
studies of flow near the base of a
turbine blade.

Many studies, e.g. references (9-24),
have reported heat or mass transfer
measurements near the junction of a
protruding object. These, in addition
to providing knowledge needed for
thermal design applications, often
contribute to understanding of the
prevailing near-surface flow
structure. For example, a sharp local
maximum in heat transfer (if
detected) can indicate a down-wash
region of a vortex or the
reattachment region of a separated
flow. Conversely, a local minimum

points to a vortex up-wash region or
a detachment of the flow. The
extrema are particularly useful when
a vortex (or a separated region) is
very small (and close to the wall) so
that other means of detection fail to
indicate it.

Conventional heat transfer
measurements (wall temperature
and wall heat flux measurements),
due to finite conductivity of wall
materials, are generally not capable
of showing the effects of very small
fluctuating vortices (or separated
regions). In contrast, the
naphthalene sublimation
measurements, if carried out locally
over fine enough grids, can easily
pick-up the sharp local variations in
mass transfer though these are
integrated over time. In the
following, mass transfer results
measured at the base of protruding
cylinders and a turbine blade are
reviewed and some important
inferences drawn from them are
discussed.

Measurement technique and
procedure

Most of the results to be discussed in
the next section are obtained using
naphthalene sublimation; a mass
transfer process employed to
measure the mass (analogous to
heat) transfer coefficient. In this
technique, the surface upon which
heat transfer distribution is sought is
covered (usually by casting) with a
thin layer of naphthalene. The
surface is then exposed to the flow of
air where some of the naphthalene
will sublime and enter the flow. The
rate of sublimation, and
consequently the mass (heat)
transfer coefficient, can be
determined by measuring the




exposure time and the local depth of
the sublimation. The sublimation
depth is obtained from accurate
measurement of the naphthalene's
surface profile, relative to a datum,
before and after its model's exposure
to the flow. The strength of this
measurement technique is in that it
is non-intrusive and has high
resolution (better than 0.025 mm in
locating the sensor and 0.000025mm
in measuring the sublimation depth).
Thus, it is capable of detecting sharp
local gradients. Further details of
the procedure and the
instrumentation can be found in
references (9 and 12). Improvement
of the system and an analysis of its
precision are covered in (Ref 24 and
25). An important feature of the
improved system is that it combines
a rotating table and a three
dimensionally moving depth gauge
(LVDT) holder, Fig. 1, which enables
scanning of arbitrary cylindrical
surfaces for surface profile
determination.

In discussing the mass transfer
measurements reference will be
made to results of flow visualization
studies. The visualizations results
are obtained by spreading a thin
layer of a mixture of light oil and
lampblack powder on a surface of
interest. The shear force from the
flow, moves the lampblack particles
in the oil leaving a trace behind
which indicates the direction, and
qualitatively the magnitude, of the
forces on the surface. In an up-wash
region of a vortex, where low
momentum fluid from opposing sides
come together, the lampblack
accumulates (here mass transfer
might be a local minimum). In
contrast, in a down-wash region of a
vortex the lampblack is dispersed to
the sides leaving a bare surface (here

a local maximum in mass transfer
might be expected). Extreme care
must be exercised in interpreting the
visualization results, particularly,
when small fluctuating vortices are
involved.

Discussion

Mass transfer measurements on a
plate near its junction with a circular
cylinder and on a circular cylinder
near its junction with a plate are
reported in (Ref 12) and (Ref 13),
respectively. Local maximum and
minimum in mass transfer are
observed which are attributed to the
action of vortices in the flow. Based
on this measurement and the
results obtained by others, a model
of vortices is presented in Fig. 2. The
model includes a large horseshoe
vortex (V1) a corner vortex (V2) and
a smaller vortex (V3) above the
corner vortex. Later measurements
(Ref 9, 15) support the model and
show that the vortex above the
corner- vortex (V3) becomes weaker
and possibly disappears at lower
Reynolds numbers. A photograph
taken, by authors of ref. (Ref 15),
from a naphthalene covered cylinder
is presented in Fig. 2 as a visible
evidence for the vortex system. The
cylinder has been over exposed to air
flow (an exposure time of several
hours versus 30-45 minutes for a
normal mass transfer measurement)
go that the depth of the sublimed
naphthalene rendered by vortices
could be more easily visualized. The
photograph clearly shows action of
the vortices that have produced the
considerable change in the surface
profile. A more complete vortex
structure, however, is deduced from
the mass transfer distribution for
which the change of surface profile is
only in the hundredths (or at the




most one tenth) of a millimeter.
The photograph reveals the
multiplicity of the vortices that form
in the region (a smaller vortex, V4, or
its effect as will be presented shortly
seems not to have survived the
change of the surface profile).

Mass transfer distributions near the
base of a square cylinder mounted
perpendicularly on a plate (Ref
16,17) shows repeated local maxima
and minima in Sherwood number,
both on the cylinder and the endwall.
These together with re-evaluation of
the earlier results, suggest a
modified model of vortex system as
shown in Fig. 3. This flow structure
resembles that offered in Fig. 2,
exception being inclusion of vortices
V4, V5, and V6. Introduction of
vortex V4 makes the up-wash/down-
wash regions correspond to the
minimum/maximum in the measured
wall mass transfer and the rotation
between vortices V2 and V3
compatible. This newer model
represents measurements on both
square and round cylinders. The
function of the weaker vortex V4, in
separating vortices V2 and V3, seems
to have been substituted by the
ridge between the adjacent trenches
on the photograph shown in Fig. 2.
The replacement, perhaps, has been
a gradual take over caused by the
change in surface profile. The
counter-rotating pair of vortices
V5,V6 is added upstream and under
vortex V1 for similar reasons; to
match mass transfer variations and
make rotations compatible. Presence
of this pair has been observed by
Baker (Ref 1) and are also evident in
mass transfer data (Ref 15, 16).
Note that incompatibility in direction
of rotation between V4 and a stretch
of V2 above it makes the
arrangement unstable.

Consequently, the arrangement
frequently breaks down and forms
again. Similar unstable behavior,
perhaps caused by the inherent
instability due to opposite rotation of
V5 and a stretch of V1 is observed in
a preliminary fog (smoke)
visualization study. Also noticeable
is the resemblance in structure
between proposed vortex groups V2,
V3, V4 and V1, V6, V6. The
resemblance is well justified because
the turned flow along the cylinder
faces an obstacle (the endwall) the
same way that the original flow
along the endwall faces the cylinder.

If the rate of mass transfer is a
measure of the intensity of a vortex,
then the ratio of local peak rendered
by vortex V2 on cylinder to that on
endwall should be close to unity.
This ratio is about 0.90 (cf Fig. 3) for
a square cylinder and 0.87 [15] for a
circular cylinder (in reality the peak
on the cylinder is caused jointly by
V2 and V4 and on the endwall by V1
and V2 which indicates that vortices
V1l and V4 may have similar
contribution in carring mass away
from the wall). The ratio of the peak
mass transfer caused by the (V5,V6)
vortex pair to that caused by (V1,V2)
is approximately 0.7 for the square
cylinder (cf. Fig. 3) and 0.4 for the
round cylinder (Ref 15), indicating a
relatively stronger (V5,V6) pair in
front of the square cylinder. For the
same cylinder sizes (25.4 mm), and
about the same boundary layer
displacement thicknesses (2.474 mm
vs 2.388 mm), this relative higher
strength is despite lower Reynolds
number (18800 vs 30060), for the
square cylinder. The reason is
attributed to the difference in
bluntness of the cylinders; the
abrupt obstruction of flow by square
cylinder versus a more gentle and




gradual obstruction by the round
cylinder.

The effect of the flow angle (angle
between upstream velocity and
normal to the surface facing the flow)
on mass transfer from a square
cylinder and its base plate is
discussed in reference (Ref 17).
Figure 4, as an example, shows
mass transfer distribution on the
base plate (endwall) when the flow
angle is 20 deg. For comparison a
lampblack visualization of the
surface flow is also included. A
horseshoe vortex system forms in
front of a side which has flow angle
less than or equal to 45 deg. For the
side with flow angle greater than 45
deg., no clear signs of vortex
formation is observed.

A horseshoe vortex forms ahead of
the leading edge of a turbine blade at
its junction with an endwall.
Although the blade's leading edge
may be well-rounded, the flow will
sense a blunt body with a shape
depending on the blade profile and
the flow incidence angle. The vortex
system, therefore, will be expected to
be influenced by the flow angle, the
shape of the blade, the presence of
neighboring blades, and the blades
arrangement (solidity ratio). From
mass transfer measurements on the
endwall (Ref 23), and on the blade
(Ref 24), in a specific turbine cascade
the vortex structure that is shown in
Fig. 5 is inferred. Distribution of
mass transfer near the blade's
stagnation line (Ref 26) agrees well
with the measurements reported
along the stagnation line of a circular
cylinder (Ref 9) at a comparable flow
Reynolds number (about 12000 based
on the blade's leading edge
diameter). Thus vortices shown in
Fig. 5 are similar to those expected

in front of a blunt cylinder though at
a lower Reynolds number; as the
equivalent of V3 and V4 (cf Fig. 3)
are not present while the pair V5,V6
which reflects the bluntness of the
blade are included.

Effects of neighboring blades on the
leading edge vortices are evident in
Fig. 6. (Ref 27), showing lampblack
visualization of the surface flow
between adjacent blades. Several
regions of flow having different
origins or characeter are distinct and
labeled in the adjacent sketch. The
labeling is in accordance with the
vortex (see identification in Fig 5) or
the flow that washes the region. The
footprint of vortex V2 can not be
clearly seen in this visualization;
therfore, it is not marked.
Boundaries of the labeled regions are
the approximate location of the up-
wash/down-wash line of the vortex.
The intersection of the leading-edge-
stagnation-plane and the endwall is
marked DL (dividing line). The
near-surface-flow contained between
adjacent dividing lines will
eventually pass through the passage.
In contrast to the case of a single
cylinder, extension of the legs of
vortices around the blade's leading
edge is influenced by the neighboring
blade. The cross flow in the passage
diverts the near-endwall-flow of the
entrance region (regions V1, V5, V6,
...) to cross over to the suction side of
the blade A. It also seems to
contribute to earlier detachment of
the pressure-side-leg of the
horseshoe vortex (V1) from the
pressure side of the blade B. The
suction-side-legs of vortices V1, V2
(not shown), V5, and V6 of the blade
A are pushed to converge and remain
attached to its suction side. They
(the suction side legs) are eventually
forced to rise along the suction




surface and move away from the
endwall. The remnants of the
suction-side-legs of vortices from
blade A (specifically V5 and V6), the
diverted upstream flow, and the
pressure-side-legs of vortices from
blade B, approach the suction surface
at a flow angle less than about 45
deg.; a condition seemingly required
for formation of a new horseshoe
vortex system (see earlier paragraph
on the effects of flow angle). This
condition and the interaction of the
various flow stream in this area
create a new vortex system part of
which lays over a strip along the
junction of suction side and the
endwall (Ref 27). The result is a
region, extending to near the trailing
edge, covered with many interacting
vortices (Fig. 6). Figure 7 shows a
representative mass transfer
distribution on the suction-side and
the endwall in this region with its
multiple local maxima and minima.
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Discussion

QUESTION 1:
DISCUSSOR: A. Heselhaus, Institut fur Antriebstechnik
Were the endwalls also coated with naphthalene when the mass transfer measurements
on the blade surface were made, and were the blade surfaces naphthalene-coated for the
endwall measurements.

AUTHOR'S REPLY:
The case of both endwall and cylinder coated with naphthalene has been studies and

published (Ref. 15). The effect as I recall is slight reduction in local maximum mass
transfer on the cylinder.




3-1

THERMAL EFFECTS OF A COOLANT FILM ALONG THE SUCTION SIDE
OF A HIGH PRESSURE TURBINE NOZZLE GUIDE VANE

T. Arts

von Kdrmdn Institute for Fluid Dynamics

72 Chaussée de Waterloo
1640 Rhode Saint Genese
Belgium

ABSTRACT

The purpose of the paper is to try to describe some of the
influences on external convective heat transfer of a coolant
film whose position varies along the suction side of a high
pressure turbine nozzle guide vane. The measurements
were performed in the short duration Isentropic Light
Piston Compression Tube facility CT-2 of the von Karman
Institute. The effects of external and internal flow are
considered in terms of Mach number, Reynolds number,
freestream turbulence intensity, blowing rate and coolant
to freestream temperature ratio. The way to evaluate
those results in terms of heat transfer coefficient is finally
discussed.

LIST OF SYMBOLS

cooling hole diameter

heat transfer coefficient

heat transfer coefficient without cooling
blowing rate

Mach number

Reynolds number

non dimensional wetted length
freestream turbulence intensity

prpEIFTe

total condition
inlet condition

exit condition
upstream condition
coolant condition
isentropic condition

-&;'agw»-o

1. INTRODUCTION

The strong interest devoted to the convective heat transfer
phenomena existing in the first stages of a modern high
pressure gas turbine is motivated by the important thermal
loads observed in this severe environment. An efficient
cooling of the blades and the endwalls is most often required
to prevent an early degradation. Film cooling is one
of the techniques applied for this purpose. Considering
the complexity of the flow developing in modern aero-
engines, an experimental approach in conditions and with
models representative of reality is absolutely necessary. A
large number of research programmes have therefore been
undertaken over the 25 last years to investigate numerous
aspects of the film cooling technique.

A lot of parameters have to be considered to correctly
simulate the geometry and the flow conditions encountered
in modern turbines : airfoil geometry, coolant emission
location and geometry, gas to wall temperature ratio,

I. Lapidus
SNECMA, Centre de Villaroche
France

blade loading, freestream Reynolds number, freestream
turbulence intensity, secondary flows, coolant to freestream
mass weight ratio and temperature ratio, ete...

Many experimental investigations have been presented on
the fundamental aspects of film cooling. Their objective
was to understand and to eventually model the thermal
and aerodynamic characteristics of a coolant film. Typical
cxamples of this type of research were published by
Goldstcin {1]. Teekaram et al. [2] and Sinha et al. (3]
Some of the available measurements on film cooled turbine
cascade models were presented by Lander et al. [4], Nicolas
& Le Meur [3]. Ito et al. [6], Daniels (7], Dring et al. (8],
Horton et al. [9], Camci & Arts {10}, Nirmalan & Hylton
[11], Arts & Bourguignon [12]. A large number of these
heat transfer data, presented either in terms of heat transfer
coefficient or in terms of adiabatic effectiveness, are however
difficult to use as such for modern cooled gas turbine design
because of the limited range of test conditions considered
in some of these investigations.

Over the last 10 years, SNECMA and the von Karman
Institute have been conducting a systematic research
programme on the aerodynamic and thermal performances
of uncooled and cooled two-dimensional vanes and blades.
The main objective of these investigations is to develop
and to verify accurate and reliable calculation methods
under the presence of film cooling; a second objective is
to possibly identify relatively simple correlations, taking
into account the freestream and flow parameters, to be
eventually used during the design procedure of new blades.
The selection of the different airfoil geometries and cooling
configurations did not especially depend upon the fact that
these profiles eventually were or were not used in an existing
engine. The tested models were rather considered as
general demonstrator test cases, representative of modern
aerodynamic design.

The more specific objective of the present paper is to
describe one of the investigated topics, namely to quantify
the influence on convective heat transfer of a coolant film
whose emission position varies along the suction surface of a
high pressure turbine nozzle guide vane. The effects of both
external and internal flows are considered in terms of Mach
and Reynolds number, freestream turbulence intensity,
blowing ratio and coolant to freestream temperature ratio.
A discussion of the heat transfer characteristics along the
pressure side of the same airfoil has been presented in an
earlier publication [12].
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2. EXPERIMENTAL APPARATUS

2.1. Wind tunnel

This experimental investigation was performed in the von
Karman Institute Isentropic Light Piston Compression
Tube Facility CT-2. The basic principles of this type
of short duration wind tunnel were established about 20
years ago by Jones and Schultz [13]. Its operation is
based on the isentropic compression in a large cylinder
of a test gas, usually air, by means of a light weight
piston. A volume of gas at well defined total pressure
and temperature is generated in this way. The flow is
then admitted in the test section by opening a fast acting
slide valve isolating the compression cylinder from the test
section. Constant freestream conditions are maintained for
about 0.5 s. The flow is dumped in a large reservoir, sealed
from atmosphere and eventually separated from the test
section by a sonic throat in order to maintain constant
aerodynamic conditions downstream of the test section.

The definite advantage of this type of wind tunnel is to
provide at relatively low cost an exact similitude in terms
of Mach number as well as gas to wall and gas to coolant
temperature ratios with respect to the values currently
observed in modern aero-engines. Further details about
the VIXI CT-2 facility were presented by Richards {14] and
Camci [15).

2.2. Test model

The measurements described in the present paper were
carried out along a film cooled nozzle guide vane mounted in
a linear cascade configuration. This cascade consisted of 5
blades (4 passages). The central blade was instrumented
either for static pressure or for convective heat transfer
measurements {Fig. 1).

Eight independent cooling locations were considered on
four different interchangeable models: 4 were located on
the suction side and 4 on the pressure side {one pair on
each model). Each of these emission sites consisted of
two staggered rows of 30 cylindrical holes {d=0.5 mm).
As in many other previous investigations. the row and
hole spacing were both equal to 3 hole diameters and the
upstream row was angled at 50” with respect to the blade
surface. The downstream row axis was parallel to the
upstream one.

As mentioned in the introduction, only the measurements
along the suction surface will be considered in the present
investigation. Along this surface, the 4 emission sites were
respectively located at 3.0% (E1), 11.1% (E2), 20.9% (E3)
and-30.1% (E4) of the suction side wetted length. These
locations were selected to obtain a maximum of information
on the coolant film. They do not necessarily duplicate the
exact cooling configurations observed in a real engine.

Velocity distributions were only measured for the uncooled
configuration. The instrumented profile was equipped with
28 static pressure tappings. The four different cooled blades
for convective heat transfer measurements were made of
Macor glass ceramic. They were instrumented by nieans
of 45 platinum thin film gauges (Fig. 2). The coolant
was independently supplied to each cooling site through
a cylindrical cavity extending along the blade height, by
means of a regenerative type cryogenic heat exchanger to

simulate different coolant to freestream temperature ratios.

The cascade model was finally equipped with the necessary
instrumentation (pressure and temperature probes) to
record the upstream total pressure and temperature as
well as the freestream turbulence intensity, the downstream
static pressure distribution across at least two passages and
the coolant flow characteristics.

2.3. Measurement techniques

Local wall static pressure and upstream total pressure
measurements provided the isentropic Mach number
distribution around the blade. A transient measurement
technique, described by Schultz and Jones [16], was used
to determine local wall heat fluxes. The convective
heat transfer coefficient h used in this paper is defined
as the ratio of the measured wall heat flux and the
difference between the upstream freestream and the local
wall temperatures. It is important to remark that the
present heat transfer measurements provide a spanwise
averaged information as the different thin films were about
20 mm long. The coolant mass flow was measured by
means of a choked orifice and miniature total pressure
and temperature probes coutinuously provided the coolant
characteristics at the inlet and the exit of the plenum cavity.

The uncertainty on the measured quantities has been
discussed in earlier publications [10. 12, 15]. Repeatability
was found to be very good. as well for repeated
measurements on a given model as for similar measurements
{zero coolant mass flow) repeated on different models.

2.4. Test conditions
The test programme was conducted according to the

following matrix :

Reg Ms,, Tume
2.25 10° 1.10 1-4-6 %
2.2510" 1 0.85 - 1.25 4 %
1.50 10°® 1.10 1%
3.0 10° 1.10 1%

For each test condition. 5 to 7 values of the blowing rate
and 3 values of the coolant to freestream temperature ratio
were considered.

3. BLADE VELOCITY DISTRIBUTION

The isentropic Mach number distributions were experimen-
tally determined along the blade profile for different
loadings. These measurements were performed at zero
coolant mass flow. Typical results are presented in Figs.
3 (Mq., =1.10) and 4 (M,,,=0.85); the isentropic Mach
number distributions are plotted in function of the relative
suction and pressure side wetted lengths. They are also
compared to a numerical prediction. obtained from a two-
dimensional Euler solver developed at VKI [17). The
agreement between measured and calculated values is quite
good.

A velocity peak is clearly observed around 10% of the
pressure side wetted length. As demonstrated in an earlier
publication [12], it is responsible for the existence of a small
recirculation bubble in this region. A shock is identified
along the suction side (s~0.50) at nominal conditions




(M2.,,=1.10). The change in acceleration along the front
part of the blade (s~0.26) has to be kept in mind for the
interpretation of the heat transfer results.

4. HEAT TRANSFER WITHOUT FILM
COOLING

In order to establish a base line for our measurements,
the influence of the most important freestream parameters
(Mach and Reynolds numbers, turbulence intensity) was
first investigated on an uncooled, smooth profile without
any film cooling holes present. These results are presented
as heat transfer coefficient evolutions, plotted in function
of the relative suction side wetted length.

The influence of blade loading will first be discussed as
it seems to be the main parameter affecting the onset of
transition (Fig. 5). At nominal Mach number (M, ;,=1.10),
transition starts at s~~0.26; this is shown by the random
appearance of turbulent bursts when looking at the time
history of the local heat flux signals. This position
corresponds to the first change in velocity gradient observed
in Fig. 3. As the flow reaccelerates further downstream. the
complete transition process is delayed, and even stabilized
until s220.50, which is the position at which the shock
wave is observed. A fully turbulent boundary layer is then
established. The transitional nature of the boundary layer
between s0.26 and s~0.50 is farther demonstrated by the
almost constant level of the heat transfer coefficient : a
laminar behaviour would show a definite decrease of the
latter. It finally seems that a small separation bubble
appears just upstream of the shock wave. This is shown by
a decrease in heat flux measured by the last gauge before
the impingement point of the shock on the suction surface.
A better evidence of this phenomenon is observed at lower
Reynolds number (Fig. 6).

A similar discussion can be made for M, ,,=1.25. The
only difference is a slightly later establishment of the fully
turbulent boundary layer. This is consistent with a small
shift to the right of the velocity peak when the nozzle works
at higher loading. For M, ,,=0.85. the maximum velocity
peak is shifted to the left (s>~0.43). (Fig. 4). This results in
a shorter transiiion length. A higher level of heat transfer
is also. as expected. measured along the turbulent part of
the boundary layer.

The influence of freestream Reynolds number is presented
in Fig. 6. A first overall effect is observed on the mean level
of the heat transfer coefficient. For the nominal (2.25 10¢)
and highest (3.0 10%) values of Re; ;,, the onset of transition
is again observed at s~~0.26, whereas the boundary layer
seems to remain laminar until the shock for the lowest value
(1.5 10%) of Re;.,,. For the highest Reynolds number value,
the effects of transition result in a very quick increase of
the heat transfer coefficient and a short transition length :
the heat load on the blade is much more important.

The influence of turbulence intensity is shown in Fig. 7.
As expected, its main effect is observed in the stagnation
region and along the laminar portion of the boundary
layer. It does not have any influence on the onset of
transition. A definite effect is nevertheless observed along
the transitional part of the boundary layer, especially at
the highest turbulence intensity (Tu.o=6%).

Tests were finally performed to verify the influence of the
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existence of the cooling holes on boundary layer transition.
In order to avoid any undesirable film cooling effects due
e.g. to recirculation between the two rows of holes. the
plenum cavities were filled as carefully as possible with
rubber seals. The results are presented in Fig. 8. and
compared to the heat transfer distribution measured along
the smooth blade. A definite effect is observed. It appears
that the transition is now always triggered by the presence
of the rows of holes: its onset indeed corresponds to their
position. The only exception is configuration E1, where the
acceleration seems to be high enough to maintain a laminar
boundary layer.

5. HEAT TRANSFER WITH FILM COOLING
More than 500 heat transfer distributions were obtained for
the different cooling configurations by varying both free-
stream and coolant conditions. Some typical examples of
the information obtained from this test programme will be
presented in terms of h/h, distributions. The base line
reference cases correspond to the heat transfer distributions
measured along the four different profiles {E1, E2, E3. E4)
equipped with cooling holes but with zero cooling mass flow
(Fig. 8).

5.1. Discharge coeflicient

The discharge coefficient evolutions corresponding to the
four injection configurations are presented in Fig. 9 as
a function of coolant to freestream pressure ratio. These
tests were made for three different coolant to freestream
temperature ratios. Depending upon configuration and
pressure ratio. the discharge coefficient values range
between 0.4 and 0.8. These tests were carried out for
different freestream Reynolds numbers.

5.2. Effect of cooling flow on transition
(configuration E1)

The cooling flow has a direct influence on the transition
process of the suction side boundary layer when considering
configuration El.  Figure 10 shows the measurement
results obtained for two extreme values of the blowing
rate at a relatively low coolant to freestream temperature
ratio { T,/ Toy =0.626). The measurements were performed
at nominal values of Mj,,(1.10). Rey,, (2.25 10°) and
Tus (4%). One remarks that for the lowest value of
the blowing rate (m=0.454), a relatively good protection
of the blade surface is ensured just downstream of the
emission location whereas higher values of the heat transfer
coefficient are measured for the highest value of the blowing
rate (m=1.708). It seems that the higher momentum of
the coolant film induces higher local turbulence and leads
to an increase of the heat transfer coefficient. One also
observes that the "plateau” region identified at zero blowing
rate between s~0.25 and s~0.50 does not exist anymore.
The heat transfer coefficient increases from the onset of
transition. This behaviour is somewhat similar to the
one observed at zero cooling flow and highest freestream
turbulence (Fig. 7). The negative effect of the coolant film,
destabilizing the boundary layer and providing very little
efficiency in the transition region is clearly demonstrated
here. It also stresses the importance of accurate transition
modeling when trying to predict this type of flow. Farther
downstream, however, after the establishment of a fully
turbulent boundary layer, the positive effect of the coolant
film is again demonstrated.
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5.3. Effect of coolant temperature

The effect of coolant temperature is demonstrated on
configuration E3 (Fig. 11). The measurements were
performed at nominal freestream conditions (M, ,=1.10,
Rep ,=2.25 10%, Tu,=4%), for an intermediate value
of the blowing rate (m~0.470) and for three different
values of the coolant to freestream temperature ratio
(Too/T61=0.617, 0.689 and 0.769).

The results presented in figure 11 show, as expected,
the decrease of heat transfer coefficient with coolant
temperature. The most important differences are observed
just downstream of the emission location. At constant
blowing rate, increasing the coolant temperature will
decrease the coolant density and increase its velocity as
well as its momentum. This explains the almost monotonic
increase of h/h, at low values of T,./To1 compared to
the decreasing/increasing behaviour at higher values of this
temperature ratio. This effect was already reported earlier
[Ref. 10).

The impingement of the shock wave on the suction side is
still observed. Finally, it seems that, close to the trailing
edge, the coolant effect is rather small when lowering the
coolant temperature below a certain limit. This would
lead to a sharper heat transfer coefficient increase along
the suction side length when dealing, at least at this value
of the blowing rate, with lower coolant temperatures.

5.4. Effect of blowing rate

The effect of blowing rate is demonstrated on configurations
El, E2 and E4 (Figs. 12 ab,c). These measurements
were again performed at nominal freestream conditions
(M2,,=1.10. Rez;s=2.25 10°% Tuy,=4%) and for a
relatively low coolant to freestream temperature ratio
(Toe/Tor ~0.620). The non dimensionalized heat transfer
coefficient evolution has been plotted in function of the
blowing ratio at four distinct locations. respectively at 2,
10, 50 cooling hole diameters downstream of the emission
location and just upstream of the trailing edge (last
measurement point).

Let us first consider configuration E1 (Fig. 12a). Just
downstream of the cooling holes 2 diameters). the heat
transfer coefficient regularly increases with the blowing
ratio. For values of m larger than 0.8, the heat transfer
level with coolant emission is even more important than
without. This effect is due to the high perturbating effect
of the jets at the largest value of the blowing rate. Farther
downstream (10 diameters) the optimum value of m seems
to be around 0.8; a regular increase of h/h, is observed for
larger values. A very strong increase of h/h, is detected 50
diameters downstream of the cooling holes. It is due to a
different transition mechanism, as explained in section 3.2.
Close to the trailing edge, an almost monotonic decrease of
h/h, is measured.

Similar conclusions can be drawn when looking at the
results obtained for configuration E2 (Fig. 12b). The
major difference however is that the non dimensionalized
heat transfer coefficient value always remains below 1. Very
good performances of the coolant filin are observed along
the suction side, even if they deteriorate somewhat close
to the injection holes (2 and 10 diameters) when increasing
the blowing rate. An optimum value of the latter would be
of the order of 0.65 ... 0.75 for the present configuration.

If one finally considers configuration E4 (Fig. 12c), it
appears that only the region just downstream of the cooling
holes is negatively affected by the highest blowing rates.
Farther downstream, the non dimensionalized heat transfer
coeflicient continuously decreases with increasing values of
m. A h/h, value equal to 0.55 is even measured in the
trailing edge region for the highest blowing rate. The
optimal value of m would here be of the order of 0.75 ...
0.85.

5.5. Effect of Reynolds number

The effect of Reynolds number on configuration E2 is
presented in figures 13 a,b,c. The measurements were
performed at nominal Mach number (M, ;,=1.10) and free-
stream turbulence intensity (Tuoco=4%) and for a low
coolant to freestream temperature ratio (T,./To; ~0.62).
The non dimensionalized heat transfer coefficient is
plotted in function of the blowing ratio at three different
locations, respectively 2, 10 and 50 cooling hole diameters
downstream of the emission location.

By comparing the results obtained for the three considered
Reynolds numbers, a definite difference appears between
the lowest {1.5 10%) and the two highest (2.25 10° and
3.0 10°) values. Small differences are measured in the
latter case whereas much higher heat transfer coeflicients
are identified for Re, ,,=1.30 10°. This is due to the nature
of the boundary layer. At this low Reynolds number, it is in
a laminar state without cooling and in a highly transitional
state with cooling. Especially at 50 diameters downstream
of the emission location (Fig. 13 ¢) the detrimental effect on
h/h, of this early transition is somewhat compensated by
the coolant layer as the blowing ratio increases. The same
effect was observed along the pressure side of this airfoil
[Ref. 12].

6. SUMMARY - CONCLUSIONS

Experimental results have been obtained from a systematic
research program on external convective heat transfer
measurements with filim cooling along the suction side of a
high pressure turbine nozzle gnide vane. The major effects
of the different main and coolant ow parameters on the
heat transfer coefficient have been identified.

A better thermal protection is obtained for all configura-
tions when the blowing ratio is increased. except :

- in the near hole region (up to 10-15 cooling hole diameters
downstream of the emission site);

- in the transitional region, where the coolant film induces
an earlier and more abrupt transition to the turbulent
status of the boundary layer.

The present investigation not only demonstrates the heat
transfer coefficient variations due to geometrical and aero-
thermal modifications but also emphasizes the boundary
layer perturbation due to the coolant layers. It also stresses
the importance of an accurate transition and turbulence
modeling when trying to numerically predict this type of
flow.
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Discussion

QUESTION 1:
DISCUSSOR: P. Harasgama, ABB
Have you assessed the effect of blowing rate on the actual heat flux and compared this with
the uncooled heat flux in the laminar regime?
AUTHOR'S REPLY:
No, we did not. Comparisons were done based on the heat transfer coefficient only.

QUESTION 2
DISCUSSOR: P. Harasgama, ABB
Did you perform experiments with more than one row of cooling holes (i.e., 2, 3 or 4)
operating simultaneously?
AUTHOR'S REPLY:
Those configurations were not considered in the present program. The program only
focused on individual configurations.
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1. RESUME :

L'article présente les résultats d'une étude expérimentale détaillée des
champs aérodynamique et thermique au sein de la couche-limite d'une paroi plane
chauffée en présence d'injections localisées d'air chaud. Pour deux valeurs du
rapport des vitesses jeis/écoulement principal (0,6 et 1,6) les trois composantes du
vecteur vitesse et la lempénmre locale de I'écoul sont ées en de
nomb par ané étric LASER Doppler i l'aide
d'une sonde il froid. Une carte de la température de la paroi plane est obtenue au
moyen d'une caméra infra-rouge. Les résuliats montrent l'aspect fortement
tridimensionnel de I'écoulement en aval des jets qui est dominé par la pré: de

France

puis de deux rangées de jets chauds injectés perpendiculairement dans un
écoulement transversal froid. Ils ont obtenus des profils de température et de
vitesse longitudinale moy et fl dans le plan médian vertical de 1a
section d'essais pour de grandes valeurs du taux d'injection.

Les résultats de la présente étude concement le cas d'une rangée de
jets chauds débouchant au sein de la couche-limite d'une paroi plane chauffée
placée dans un écoulement transversal froid. Les injections sont assurées par
T'intermédiaire de cinq tubes longs et inclinés. L'objectif de ce travail est d'obtenir,
sur la méme instailation, un ensemble de résultats concernant a la fois les

sty rbill ires. Ces demidres géndrent des zones de forts taux de
turbulence et ont une grande influence sur le champ de température dans le sillage
des jets. Pour le plus grand des deux sapports de vitesses considérés, I'écoulement
transversal péndtre sous les jets en aval des orifices d'injection et s'oppose ainsi au
transfert de chalewr.

2. INTRODUCTION :

L'augr ion du rendement des moteurs d'avion est en pariie rendue
possible grice A un de la érature des gaz 3 l'entrée de la
turbine. Cependant cette température élevée s un effet néfaste sur la bonne tenue
mécanique et la longévité des aubes de la turbine, aussi est-il nécessaire de
refroidir leurs parois placées dans 1'écoul d'air hauffé. Ce
refroidissement est en partie assuré par une circulation d'air frais & Vintérieur de
I'aube et également par Fémission d'un film d'air frais en surface, grice 3 des
injections localisées A travers la paroi.

L'objectif assigné au film de refroidissement est I'obtention d'une
protection thermique de Ia paroi efficace, sans pour autant affecter les
performances aérodynamiques de la turbine d'une maniére trop pénalisante, Pour

parvenir a un 1el comproms il est né d'appréhender de itre o

et détaillée les b hénomé lérothc- souvent trés complexes.
qui apparaissent dans une couche‘lumte en p d'inj discrétes d'air
frais.

De nombreux travaux ont déji éi4 consacrés 3 l'étude de I'écoulement
généré par un ou plusieurs jets débouchant au sein d'un écoulement transversal.
Les premiers d'entre eux avaient pour objectif la prévision de la trajecwoire de
I'axe du jet en supposant que la distribution de vitesse moyenne vérifie une loi
affine - cf : Keffer et Baines (1963) Chassaing & al. (1974) -. Cependant des
expériences ont trds rapidement révélé la présence de structures tourbillonnaires
dont certaines dominent 1'écoulement en aval de l'injection et ont une influence
directe sur la forme de la section droile du jet - cf : Kamotani et Grebber (1972);
Fearn et Weston (1974); Moussa & al. (1977) -, Des méthodes numériques, tenant
compte de l'existence de ces tourbillons, ont alors &€ développées par Le Grivds
(1978), Jones et Mc Guirk (1979), Broadwell et Breidenthal (1984) et Kulisa &
al. (1990).

L'amélioration des modéles numériques qui, grice & la puissance
croissante des moyens de calcul deviennent de plus en pius sophistiqués, exige
des mesures expérimentales plus complites et précises, aussi bien pour la
validation du code que pour mieus appréhender les phénomines. Une éude
détaillée du champ de vitesse a é1é réalisée par Crabb & al. (1981) puis par
Andréopoulos et Rodi (1984), dans le cas d'un jet unique débouchant
perpendiculairement dans un écoulement transversal. Le cas d'une rangée de jets
inclinés a récemument €16 étudiée par Pietrzyk & al. (1988). [ls se sont intéressés &
Tinfluence du taux d'injection sur les vitesses moyennes et leurs fluctuations et
donnent des cartes de ces grandeurs dans le plan vertical du jet. Dans une émde
récente Chen et Hwang (1991) ont considéré successivement le cas d'une rangée

distributions de vitesse et de température, dans plusieurs plans paralléles a la
direction de I'écoulement principal. Les expériences sont réalisées en ligison avec
I'équipe de F. Leboeuf & L'Ecole Centrale de Lyon, qui développe un modele de
calcul de film de refroidissement. La mise au point de ce code et sa validation
exige de disposer d'une base de données expérimentales aérothermiques rendant
compte du caractdre fortement tridimensionnel de I'écoulement. L'allure de sa
structure est, dans un premier temps, déduite de visualisations par tomographie
LASER. Des m: de vi sont effectuées par ADL et la température
locale, au sein de 1'écoulement, est relevée par une sonde i fil froid. Une caména
infra-rouge p de jtre la tempé 3 la surface de 1a paroi plane.

3. DISPOSITIF D'ESSAIS :

Les expériences ont été effectuées dans unc soufflerie subsonique de
type Eiffel, dont la veine d'essais (section droite rectangulaire de 1000 mm de
long sur 300 mm de large et 400 mm de haut) est placée a 1'aval d’'un convergent
de rapport de ion 4/1. Le plancher de cette veinc constitue la paroi planc &
travers laquelle ont été aménagés les orifices d'injection.

L'air est injecté dans la couche-limite de cetie paroi par une série de
cinq wous (Fig. 1). Les injections sont assurées par cinq tubes de sections droites
circulaires (diametre d = S mm, longueur 20 d), inclinés d'un angle de 45° par
rapport A la direction de I'écoulement principal. Elles sont régulidrement espacées
sujvant l'envergure (di 3 d) et I'abscisse d'injection est située & une distance
de 100 d de l'entrée de ia veine d'essais.

Les jets sont chauffés & une température de I'ordre de 60°C. alors que
T'écoulement principal est  la tempéumre smbiante. Le plancher de 1a veine est
maintenu 3 une température constante grice & unc cir d'eau th
Pour les expériences rapporiées par la suite, la température de paroi a éié fixée &
60°C.

Le plancher de la veine est constitué d'un “sandwich” formé par une
plaque de PVC en contact avec T'écoulement, et par une plaque inféricure en
cuivre. Celle-ci est maintenue A une température conslante par une circulation
d'eau chaude thermosiatée. Pour les expériences rapportées ici, la température de
ce radiateur a 1 fixée & 60°C et est contzdlées au moyen de thermocouples
lmpllnbél 4 0.8 mm au dessous de la face supérieure de la plaque en PVC. Ces

de la distriby de dans la paroi plane A
une profondeur connue (y = 0,8 mm).

Les cartes de température de surface ont €1€ relevées au moyen d'une
caméra infra-rouge placée au dessus de la veine d'essais. Ls paroi supérieure de
cette veine est formée de plaques permutables. Sur l'une d'eltes un orifice
circulaire 8 ét€ ménagé afin de permentre le passage de l'objectif de la caméra lors
des essais.

Les womographies de I'écoulement suivant 3 directions orthogonales,
sont réalisées svec la technique classique de la nappe lumineuse obtenue A partir
d'un faisceau LASER et d'un jeu de lentilles cylindriques et sphériques.
L'écoulement est ensemencé au moyen d'un sérosol d'huile végétale mélangé A
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Fig. 1 : schéma et sysicme de coordonnées

l'air des jets. Les images des visualisations sont enregistrées par vidéo ou
photographie. Dans le premier cas la restiwtion fait appel & un traitement
numérique des images.

Les mesures de 1a vitesse locale instantannée ont é1é réalisées a I'aide
d'une chaine deux portant deux compteurs de périodes et deux
décaleurs de fréqucnces DANT EC Les valeurs des composantes normale (v) et
transversale (w) de la vitesse ne peuvent ére obtenues que si le volume de mesure
est parallele a 1a di de I'écoul pal. Celte disposition est ob
en plagant un miroir plan orienté A 45° dans la partie aval de la veine d'essais.
Les trois fai LASER péne toujours dans la veine perpendiculairement
mais, aprés réflexion sur le miroir, leur volume d'intersection se trouve placé dans
la direction de I'écoulement principal (cf: Fig. 2). Un aérosol d'huile végétale
permet d’ensemencer les jets ainsi que 1'écoulement principal en particules.

PM

Fig. 2 : schéma du di vetw

La température locale a é16 mesurée, simultanément 2 la vitesse, A
I'aide d'une sonde fil froid (@ = 5 um, | = 0.5 mm), placée immédiatement & I'aval
du volume de mesure de la chaine ADL. Les compteurs de cette chaine, ainsi que
le pont de mesure de température sont reliés & une carte d'acquisition de données
impiantée dans un micro-ordi de type ible-PC. Ce dispositif permet
la mesure simultannée des valeurs instantannées des deux composantes de la
vitesse (u,v ou v,w) et de la température. Il est ainsi possible de calculer les
lennom de Reynolds et la flux de diffusion tusbulente de chaleur. Les différentes
moy ées dans cet article ont é1é calculées A partir
d'échantillons compmés de 1000 valeurs instantannées.

4. RESULTATS :

Le domaine exploré est défini par -1Sx*<10 ; y*<6 et -1,552%<1,5. Le
sysieme de coordonnées est centré au point d'intersection de la paroi plane et de
T'axe du jet central (cf: Fig. 1). bes coordonnées réduites x¥, y* et 2* somt
déduites des valeurs d enp le diamdtre du tube d'injection

échelle de |

B

Les expériences ont été réalisées pour des valeurs du taux d'injection
successivement égales & 0,6 et 1,6; ce paramétre étant défini comme le rapport
1 =pjvj/ Pelle avec pj el v; désignant respectivement la masse volumique de I'air
injecté (2 la tempérawure Tj) et sa vitesse moyenne, tandis que pe et Ue
représentent la masse volumique et la vitesse de I'écoulement transversal
I'extérieur de la couche-limite.

4.1, Vitesses moyennes :

les figures 3, 4, S, et 6 d | ples de profils de la
projection du vecteur vitesse moyenne dans des plans parallzles i la direction de
I'écoulement moyen (z* = c!€). Les deux premitres figures cor dent A 1s
distribution de vitesse enregistrée dans le plan médian (z* = 0) pour chacun des
deux rapports d'injection 6md|és Pour le plus grand d'entre eux (r = 1,6) la
préscnce du jet se traduit par un ral des hes de fluide proches de
1a paroi (cf: profil enregistzé & x* = -1). Ce p n'est plus perceptible
lorsque, a la méme abscisse, le taux d'injection est ramené a 0,6. On obl.ienl alors
un profil identique 2 celui enregistré en dehors de ia zone d'influence des jeis
(z* = 20) pour la méme abscisse, oit une traversée de référence s &€ réalisée. Le
profil mesuré dans le plan z* = 2,5 pour r = 1,6 (Fig. 4) est également semblable a
ce profil de référence, alors qu'en 2* = 0,4 (Fig. 3) l'effet de ralentissement est
encore notable.

Les mesures réalisées A ia verticale de l'orifice d'injection, montrent
que le débit de fluide provenant du jet est plus important dans la moitié aval de la
section de sortie, la déviauon étant plus grande lorsque r diminue. Ceite
observation est en accord avec celle eff par André los et Rodi (1984)
dans le cas d'un jet transversal alimenté par un tube long (rapport longueur/
diametre = 12, valeur voisine de celle choisie dans la p €tude), débouch
perpendiculairement au sein d'un courant transversal. Dans le cas d'un tube
incliné A 35°, mais plus court (rapport longueur/ diamétre égal a 3,5), Pietrzyk et
al. (1988) observent une déformation plus faible du jet par I'écoulement principal.
11 faut par ailleurs noter que I'épaisseur de la couche-limite de 1'écoulement
principal n'est que 0.4 d dans leur dispositif, contre 1,5 d dans le cas de is
presente étude.

En aval de l'injection (Fig. 3 et 4) et au voisinage de la paroi plane, la
zone de sillage est ires différente suivant la valeur du taux d'injection. Pour le plus
grand d'entre eux (r = 1,6) on remarque un effet de blocage de I'écoulement
transversal par le fluide du jet qui s'observe nettement sur les profils tracés Fig. 4
entre x* = 1 et 3. Dans cette région la vitesse des couches fluides proches de la
paroi (y* < 0,2) est bien plus faible que celle mesurée lorsque le rapport des
vitesses est moins important (eg : r = 0,6 ; Fig. 3). Ce ralentissement n'est pas
sculement observé dans le plan de symétrie du jet (z* = 0), mais également de
part et d'autre de celui-ci sur une largeur d’environ 1 d. Il faut par ailleur noter
qu'aucun écoulement retour n'est mis en évidence dans ce sillage, contrairement a
ce qui a é1é observé par Pietrzyk et al. dans le cas d'un tube d'injection court .
L'idée émise par ces auteurs, selon laquelle la géoméurie du dispositif d'amenée du
fluide a une trés forte influence sur F'écoul dans la de sortie du jet et
immédiatement en aval, se trouve ainsi renforcée.

La figure 6 met en évidence une autre particularité de I'écoulement
obtenu lorsque le taux d'injection est de 1,6. Dans ce plan z® = 1.5, situé & égale
distance de deux jets, on remarque la trés nette déviation de I'écoulement
transversal vers la paroi plane. Cette déclinaison se manifeste dés que le fluide de
la couche-limite approche les orifices d'injection. L'épai de la h
affectée par ce phénomene croit avec l'abscisse, ellc est d'environ 0,7 d & lorigine
(ie : x* = 0) et de 2,6 d & x* = 10. Dans la région ainsi définie, la composante
normale du vecteur vitesse prend des valeurs négatives. Ceite particularité de
I'écoulement trouve son origine dans la présence d'une paire de tourbillons contra-
rotsatifs situés de part et d'autre du jet. L'existence de celte structure
tourbiil ire est bien dans le cas des jets perpendiculaires depuis les
travaux de Moussa et al. confirmés par ceux de Kamotani et Greber (1972), puis
de Crabb et al. (1981) et I'étude déaillée d'Andréopoulos et Rodi (1984). La
présence de ces tourbillons jumesux dans le cas des jets inclinés éwdié ici, se
retrouve sur les cartes des vecteurs vitesse obtenues dans les plans ransversaux
x* = c'® dont un exemple est présenté Fig. 7. Ces profils, déduits des vitesses
normale et ransversale mesurées dans le plan x® = 2, confirment l'existence de
deux tourbillons contra-rotatifs d'axes sensiblement perpendiculaires au plan de la
figure. Cette configuration du champ des vitesses dans un plan transversal est tout
a fait semblable A celle observée dans le cas d’une injoction normale (Réf. (17] et
{1]). Une des é&q de la pré des tourbillons est I'entrainement de
fluide, situé initialement dans les parties hautes de la couche-limite, vers la paroi
plane. Ce mouvement descendant est localisé de part et d'autre du plan z® = 1,5.
La portion de fluide de I'écoulement transversal ainsi déviée, se trouve incorporée
dans l'enroulement et se glisse sous le jet. La présence de ce mouvement entrant
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Fig. 6 : Profils de la vitesse moyenne réduite dans le plan z* = 1,5 pourr = 1,6




- - - ~ 3 7 - -~ - les traces des surfaces isothermes dans le plan transversal x* = 2 présenté Fig 11.
Tous les contours jusqu'd l'isothersne T* = 0,2 ont la forme caractéristique de
haricot mise en évidence sur les vues en coupe lors des visualisations. De 1'air

y® frais, provenant de U'écoulement transversal, est entrainé sous celui du jet, an sein
de Yenroulement créé par les tourbillons contra-rotatifs, puis remonte sous le jet

.~ . M . " - i T au nivesu du plan de symétrie (ici z* = 0). Il s'agit la d'un phénomene néfaste
pour l'obtention d'un film de refroidissement qui, en principe, doit former une
couche protectrice entre la paroi et I'écoulement transversal. Les distributions de

N . 24 L4 -~ - N N température de paroi, présentées Fig. 11 & 12, monwent que dans le sillage

. ) proche du jet, il existe une couche protectrice lorsque le taux d'injection est petit

4 == NN (r = 0,6) mais qu'elle disparait pour un taux plus élevé (r = 1.6). Ces cartes ont éié

N ., \ 7/ ~~ N A obtenues au moyen d'une caméra infra-rouge éulonnée i I'aide des thermocouples
\ y/ implantés dans la paroi plane (cf : E. Dorignac - J-J. Vullierme). On peut

\ -\ —~~A\ \ observer, pour r = 0,6 une température réduite dans le sillage des jets bicn
supéricure & celie régnant sur les pm.ies de plague siluées entre des jets voisins.

\ < =\ { Lorsque r = 1,6 au contraire, la lcm; de la q é un minimum

\ - 1 7\\ § N derridre chaque jet. L'addition des informati par la techniques du fil

. 7 N\ ~N froid et la caméra infra-rouge (RéL. [7]) montrent alors que les prof:ls de

\ . /7 N\ N\ température & la verticale de ces régions passent par une valeur minimum qui

\ - / § \ A s'approche de celle de l'air extérieur A la couche-limite. La distance de ce

\ - RN } N minimum & la paroi est trés petite (ie : inférieure & 0,06 d).

-

- \

9/ \( ) § La présence d'une poche d'air frais issu de la région externe de
= \ ) I'écoulement transversal. peut également étre observée sur le réseau d'isothermes

+ T 0— T Y ésenté Fig. 14. 11 s'agit des températures réduites mesurées dans le plan de
symélne du jet central (z* = 0) pour un taux d'injection de 1,6. On peut observer

-2 -1 0 1 z* 2 que la ligne T* = 0,2 située immédiatement derridre le jet , se referme sur la paroi

Fig. 7 : Profils de la vitesse moyenne réduite dans le plan x* = 2 pour r = 1,6

vers le plan z* = 0 est confirmée par la vue en coupe de I'écoulement, oblenue par
tomographie LASER, pour la méme valcur du taux d'injection (r = 1,6). Le cliché
présenté Fig.8 est une image numeérisée extraite d’'une séq vidéo égal

enregisrée dans le plan x* = 2. On peut observer la trace du jet central et de scs
voisins de gauche et de droite, et constater, sous ch d'eux, lap de
fluide non ensemencé, c'est a dire provenant de la couche-limite transversale et
non du jet. La frontiére amont du jel, est étirée sous l'influence combinée des
deux tourbillons et de 1a courbure provoquée par I'écoulement principal, tandis
que la partie aval se trouve au contraire comprimée. [} s'ensuit une déformation
rapide de la section droite du jet qui prend l'allure d'un “haricot”. Cette forme
rappelle celle des surfaces isobares obtenues dans le cas d'un jet unique

Ar sl

perp i i (RE£119)).

4.2. Température moyenne :

L'évolution, en fonction de I'abscisse x*, des profils de température
dans le plan de symétrie du jet central (2* = 0) est préseniée sur la figure 9. La
température réduite utilisée est définie par T* = (Tm-Te)/(Tj-Te), ou Tm désigne
la lempcralure moyenne locale mesurée au fil froid, tandis que Te et Tj
repré T la érature de 1'écoulement transversal hors
couche-limite et ll température de 1'air injecté. Dis I'aval de l'orifice d'injection
(x* = 1), les profils présenlcm un mmmum qui s ‘élargit au fur et 3 mesure que x*
augmente, alors que son ié vaend L'ordonnée y* de ce maximum
est toujours légérement supérieure a celle correspondant au maximum de vitesse
du profil tracé Fig. 4. Cette non coincidence locale des profils de température et
de vitesse a déja é1é notée par Kamotani et Greber (1972) et a également éié
observée par Crabb & al. (1981) en comparant les champs de vitesse et de
concentration dans i cas d'un jel ensemencé dhélium.

De part et d’autre du plan z* = 0, les profils de température moyenne
mesurés dans le sillage proche du jet (1 < x* < 4) pré deux maxi
comme l'indiquent les courbes de la figure 10 (plan z* = 0.4). Au delade x* = 4,
au contraire, les profils sont semblables a ceux ob dans le plan z*® = 0, mais
la position du maximum de température est plus proche de la paroi lorsqu'on
s'écarte du plan de symétric du jet. Plus généralement, la dérormauon du champ
de vitesse & travers une section droite du jet, signalé se 1épx

au niveau de la distribution de température. Ce phénoméne peut étre observé sur

2 x* = 3,6 délimitant ainsi une zone occupée par du fluide dont la température est
inférieure a celle de 1a paroi. Ce réseau de courbes montre par ailleurs que, pour
le rapport de vitesses considéré, le jet n'est que faibl dévié par I'écoul
transversal puisqu'une partie du fluide chaud émerge a la frontiére de la couche-
limite. L'isotherme T* = 0,5 aueint 1a cote y* = 1.5 et la surface délimitée par
T* = 0.3 (qui peut érre considérée comme la zone ol l'influence thermique du jet
est pergue de manigre encore sensible) s'élkve jusqu'd y* = 2 et s'étend dans la
direction de I'écoulement transversal jusqu'a environ 8 diamétres en aval de
Finjection.

43. Fluctuations de vitesse :

De maniére générale les valeurs des fluctuations de vitesse sont
maximales dans les zones ol les profils des valeurs moyennes présentent les plus
forts gradients, c'est & dire dans les régions frontidres entre le fluide du jer et de la
couche-limite transversale. Les contours d'iso-taux de turbulence mesurés dans le
plan z* = 0 pour r = 1,6 {cf : Fig. 15) illustrent cette propriéié. Les valeurs portées
lurbulence défini  par

sur cc graphique concernent le taux de

t= \j w2 +u? /Uc2

longitudinale et normale. La zone ou I'on trouve les plus grandes valeurs de t sont
situées le long de la frontiére supérieure du jet, immédiatement aprés sa sortie,
c'est A dire 12 ol les profils de vitesse mesurés dans le plan z* = 0 (Fig. 4)
présentent les variations les plus fortes suivant y*. On note également de fortes
fluctuations de vitesse juste derrizre l'orifice d'injection, lieu od les mesures de
température ont révélé la présence d'une poche dair frais. Pietrzyk & al. (1988)
ont observé le méme phénomene et Yatribuent i I'exisience d'une zone décollée
avec la présence d'un écoulement retour au voisinage de la paroi plane. Ce type
d'écoulement n'a pas €té observé ici mais dans la région concernée le vecteur
vitesse varie fortement en direction et en ité le par I
le profil mesuré & x* = 1 (cf : Fig.4). La présence de cetie zone de cisaillement
entre le fluide du jet et le fluide de la couche-limite pénctrant dessous, géndre les
fortes fluctuations observées. Leur niveau maximum de 35 % est supérieur 3 celui
mesuré par Pietrzyk & al. (26 %) mais pour un angle d'incidence de seulement
35°. Jubran et Brown trouvent une valeur de 30 % dans le cas dune double rangée
de jets inclinés de 30°, alors que dans les expériences conduites par Chen et
Hwang (1991), le taux de fluctuation de la seule comp longi le atteint
40 %. Dans ce dernier cas les jets sont normaux & I'écoulement wransversal et lc
taux d'injection particulitrement élevé (r = 4,6).

. u' et v' désignant lcs fluctuations de vitesses

Fig. 8 : vue en coupe de I'écoulement dans le plan x* = 2 pourr = .6
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Fig. 9 : profils de la température réduitc dans le plan z* = O pourr = 1.6
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Fig. 10 : profils de la température réduite dans le plan z*
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Fig. 11 : isothermes dans le plan x* = 2 pourr = 1,6
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Fig. 12 : carte de la température réduite 2 la surface de la paroi plane pour r = 0.6
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Fig. 13 : carte de la température réduite a la surface de la paroi plane pourr = 1,6

Fig. 14 : isothermes dans le plan z* = O pourr = 1,6
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Pour la plus grande valeur du taux d'injection étudié (r = 1,6), la
tension de cisaillement u'v /Ue2 est maximale A la frontiére supérieure du jet et de
la couche-limite, comme le montrent les profils de figure 16. A partir du centre de

Xt

de vitesse dans le plan2* = O powrr = 1,6

tourbillons contra-rotatifs (cg : le plan z* = 0.4 ; Fig. 18), 'intensité du woisiéme
ex de fl ion de température Sap peut méme étre
détectée deés la sortie du jet (eg : profil mesuré en x* = 0, 5) ce qui confirme la
des tourbillons contra-rotatifs  cet endroit.

T'orifice d'injection, on observe I'apparition d'un pic daire dont I'i
augmente d'abord avec I'abscisse jusqu'a x* = | p\ns démm s rapndemem au
deld. Pour x* = 1 les deux pics corresp @ la méme
valeur = 0,009 qui est proche de celle mesurée par Pietrzyk & al. : 0,007.

4.4. Fluctuations de température
Les profils du taux de fluctuation de pérature {(quantité calculé

par rapport & Iz locale) p dans tous les cas un
maximum A la ‘rontiére supéneure du jet. bes courbes montrées Fig. 17 & 18

correspondent aux dans les plans 2* =0 et 14
pour le plus grand des taux d'injection etudlés (r = 1.6). Un premier pic de
fluctuation est présent dés 1'amont du jet (x* = -0,5) et est encore nettement
perceptible dans le plan de mesure le plus éloigné choisi pour notre étude
(x* = 10). L'intensité de ce maximum croit d'abord avec l'abscisse, passe par un
sommet A x® = 1,5 puis 2 dimi ! lorsqu'on s'éloigne vers
I'aval. Son ordonnée, qui coincide avec celle du point d'inflexion du profil de
température moyenne correspondant (cf : Fig. 9 & 10), croit avec I'abscisse.

ature moyer

Un second maximusm apparait sur les profils de fluctuations mesurés
dans le sillage de chaque jet, ‘uste & I'aval de l'orifice d'injection (x* = 1), Si l'on
considére les profils obtenus dans le plan z* = 0 (Fig. 17), on remarque une
évolution, en fonction de la distance au point d'injection, de l'intensite du
maximum secondaire semblable & celle du pic principal. Aprés une premigre

La figure 17 (z* = 0) montre également que le maximum de
fluctuation de température intermédiaire, disparait des profils au dela de x* = 3.
Cetie abscisse est voisine de celle ol I'isotherme T* = 0,2 (cf : Fig. 14) rejoint la
paroi plane, ce qui montre la disparition & partir de ce point de la trace de fluide
froid sous le jet.

5. COMPARAISON AVEC LES SIMULATIONS NUMERIQUES :

Comme cela a déja été indiqué dans I'introch mdecob)emfsde
ceute éiude iait la constitution d'une base de données expérimental H
tester une méthode de calcul de couche-limite turbulente en présence d'injections
discrétes développée A I'ECL. Une premid paraison a été réalisée par P.
Kulisa, F. Lebeeuf et G. Perrin (1991) dans le cas d'un taux d'injection égal & 0.6.
Du point de vue aérodynamique il existe un bon accord entre les vecteurs vitesses
calculés et ceux mesurés dans le plan de symétrie z* = 0. Une oompunson plus
déuillée des profils de vitesse longitudinale ob 4 plusi fait
appraitre une surestimaiion des valeurs calculées. les auteurs lnnbuml Yécant au
fait que la distribution de vitesse réelle dans la section de sortie du jet n'est

certainement pas aussi uniforme que cela a €1é supposé dans les calculs. En
revanche, I'évolution de la "wajectoi |hermique" du jet (lieu de la position du
maximum de lempérature) déduite de I'éwude expér lc est bien ée par

le calcul Ce dernier prédit également la présence d'un minimum sur les profils de
¢ moyenne en aval de l'injection, résultat confirmé par J'expérience.

étape de croissance ell: passe par un maximum & x* = 1,§ pms décroil
rapidement cette fois. La position du maximum secondaire, qui conespond
également au gradient maximum de la température moyenne au méme point,
s'écarte également de Is paroi lorsque I'sbscisse croit. 11 s'en éloigne cependant
plus rapidement que le pic principal, et 3 x‘ = 3, ob son intensité s foriement
diminuée, les deux pics tendent & se confs Ce 1é est atteint plus loin
vers 'aval et I'on voit llon nppnmtm un troisiéme maximum de fluctuation de
tempé situé mt i la cote y* = 0,5 qui correspond encore &
un changement de peme du profil de vitesse moyenne i ceue abscisse. Ensuile, ce
troisiéme pic s'estompe en s'élargissant, lorsque I'on progresse vers I'aval.

L'existence et I'évolution de ces divers pics peuvent étre reliées & la
forme caractéristique, dite en "haricot”, de la section droite du jet, telle que la
mettent en évidence les vues en coupe de I'écoulement. Observons, per exemple,
la frontidre inférieure de cette forme en "haricot” (limite entre les zones noire et
grise) du jet central représenté sur la figure 8, enregistrée A x* = 2. Dans le plan
de symétrie du jet (2* = 0), la cote de la frontidre (y *= 0.9) est 1a méme que celle
du pic secondaire du profil de fluctuation de température relatif 3 la méme
abscisse (cf : Fig. 17). Ceue frontitre de forme concave parait donc bien étre le
siége de ces fluctustions de température importantes. La vue en coupe de la figure
8 permet également d'avancer une explication d Ia présence d'un troisidme
extremum sur certains des profils des figures 17 & 18. 1] semble en effet
cofrespondre au contact du fluide chaud, entrainé vers le plan de symétrie par les
deux tourbillons contra-rotatifs, avec la poche de fluide froid qui subsiste entre
ces deux structures (cf : la zone blanche sur la figure 8). Si 'on s'éloigne du plan
de symétrie du jet pour se rapprocher de l'axe de rotation de l'un des deus

Des comparaisons plus déuillées, portant sur les résuliats obtcnus
pour les deux rapports de vitesses choisis lors des essais, viennent d'éire réalisées
par J-M. Maurice, F. Lebeeuf et P. Kulisa (1992).

6. CONCLUSION :

h

limite d'une paroi plane

Lali ek

Des expéri nant la
chnuffée en préwnce d’une rangée de jets d'air chaud inclinés, ont é1é

Les résul nent A la fois les champs aérodynamique et
thermique, pour deux valeurs du taux d'injection.

Le résultat principal ne l'exi d'une région, située
immédistement en aval de ch nj ob le transf decmlewemrelejel

el Is paroi est trds faible. Cela pe peut constituer un inconvénient i important & la mise
en ceuvre de la technique de refroidissement par injections localisées. Ce
phénomine apparait principalement lorsque le rapport des vitesses est supérieur &
un. I est dd 2 1a présence d'un volume, entre le jet et la paroi, od est entrainé de
I'air provenant de I'écoulement cransversal. Ce mouvement enirant est généré par
les deux tourbillons contra-rouatifs qui se forment dis la sortie du jet dans la
couche-limite de I'écoulement transversal. Cette paire de wurbillons jumeaux, qui
domine I'écoulement A I'aval de l'injection, a une influence importante sur le
champ thermique, dans le sillage proche des jets. L'optimisation des conditions de
transfert dans cette région passe par un approfondissement des connaissances de
ces structures et des paramedtres qui les gouvernent.
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Fig. 18 : profils de taux de fluctuation de température dans le pian z* = 0,4 pourr = 1,6




Fig. 19 : contours d'iso taux de fluctuation de température dans ie plan
transversal x* = 2 pourr = 1,6

Ce travail, entrepris a l'initiative de la SNECMA, a pu éire realise
grace au support de la DRET, Direction des Recherches, Etudes et Techniques.
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Discussion

QUESTION 1:
DISCUSSOR: D.T. Vogel, DLR

What is the turbulence intensity of the upstream flow?

AUTHOR'S REPLY:

The upstream boundary layer is turbulent and the free-stream turbulence level is about

one percent.

QUESTION 2:
DISCUSSOR: D.T. Vogel, DLR

Did you measure the adiabatic film cooling effectiveness?

AUTHOR'S REPLY:

We did not measure the adiabatic wall temperature, but we did calculate the adiabatic
film cooling effectiveness. The effectiveness was obtained from the measurement of the
wall heat flux density, with the hypothesis that the heat transfer coefficient with injection
is the same as that without injection. The expression for the effectiveness using this

assumption is
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_ Tg(x z) - Te - clx 2)/he
¢ = T; - Te

QUESTION 3:

DISCUSSOR: N. Hay, University of Nottingham
Have you compared your results with others in the literature? And if not, do you intend to?

AUTHOR'S REPLY:
We have not found experimental results in the literature with similar test conditions
(o = 45°, 0.6 <r < 1.6 and &d = 2.5). Velocity and temperature measurements for
experiments we have found are all for lower values of the ratio 8/d.

Our experimental results have been compared with numerical calculations

performed in Ecole Centrale de Lyon (cf. the paper presented in this symposium by M.
Maurice and Leboeuf, and Reference 13 of our paper). Indeed, the purpose of the present
work was first to collect experimental data concerning velocity and temperature fields in
order to develop a new computing code at the Ecole Centrale de Lyon.

QUESTION 4:

DISCUSSOR: B. Launder, UMIST
Most of the results that you presented were for the case of r = 1.6 which, as has been known

from the data taken in the 1970's, gives poor levels of effectiveness. Why did you not give
more emphasis to lower injection-velocity ratios?

AUTHOR'S REPLY:
As mentioned, the first aim of this work is to provide an extended data base in order to
validate a numerical model developed at the Ecole Centrale de Lyon by F. LeBoeuf et al.
(cf: paper presented at this symposium). This model applies to well defined flow and
thermal conditions, particularly at large &/d ratios. Most of the results are presented for
the case of the injection rate (r) equal to 1.6, as for this value, the influence of the counter-
rotating vortices on the velocity and the temperature fields are more apparent than for
smaller values for which the jets are closer to the wall. As it appears on the map of the
surface temperature, presented in this paper, the effectiveness is greater in the second case
(r = 0.6), as it is well known. Moreover, the fact that the boundary layer thickness at the
injection location is greater than the diameter of the jets, seems to introduce weak values
for the effectiveness parameter. One of the features of this study is the chosen ratio
&/d = 2.5, larger than the ones considered in the cases studied in the 1970's.
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THE INFLUENCE OF NON-UNIFORM SPANWISE
INLET TEMPERATURE ON TURBINE ROTOR HEAT TRANSFER

G.R. Guenette, G. Pappas® and A.H. Epstein
Massachusetts Institute of Technology
Gas Turbine Laboratory
60 Vassar Street
Building 31, Room 266
Cambridge, MA 02139
United States

ABSTRACT

The influence of a spanwise varying, circumferentially
uniform inlet total temperature distortion was measured
on a transonic turbine stage in a short duration turbine
test facility. Large levels of distortion were found to
increase rotor blade heat transfer, especially on the pres-
sure surface. A three-dimensional, steady, muiti-blade
row, Euler code and a streamline curvature calculation
were used to interpret the data but did not account for all
of the heat transfer increase observed.

INTRODUCTION

Our understanding of turbine heat transfer and aerody-
namics has increased considerably over the past 50
years, driven by the need for increased performance and
life and aided by the evolution of new computational
and experimental techniques. We are currently at the
state in which we expect to do quite well in predicting
turbine airfoil behavior in idealized situations such as
test cascades and even rigs [1], but less well in the more
complicated environment of full scale gas turbine
engines.

One phenomenon characteristic of the engine environ-
ment but often absent from simpler test facilities is the
spatial and temporal gas temperature non-uniformities at
the turbine inflow generated by the combustor. These
circumferential and radial variations in combustor exit
gas temperature result from the many constraints
imposed upon the combustor design and are often
unwanted from the turbine point of view. We have long
known that localized gas temperature variations (“*hot
spots” or “hot streaks™) induce thermal stress and oxida-
tion in turbine hardware and are a prime cause of short-
ened turbine life. More recently, Sharma and his
colleagues have pointed out that turbine aerodynamic
efficiency may suffer as well (2].

Non-uniformities at the turbine inlet propagate in some

* Current Address: Adroit Systems, Alexandria, VA, USA

form through several turbine blade rows and complicate
the design and analysis process. They introduce an
added degree of dimensionality and demand more elabo-
rate analysis than would be required in a machine with
uniform inflow. For many years, secondary flow theory
served as the primary tool [3]. Now, computational
codes greatly augment our ability to analyze and under-
stand three-dimensional, unsteady turbine flows and
work has expanded in this area over the last decade.
Much of the work on temperature non-uniformites in
literature has been analytical or numerical. Numerical
simulations have been done by Rai and Dring [4], Saxer
and Giles [5], Dorney et al. [6], (7], and Harasgama (8).
There has been less experimental work published.
Schwab et al. [9] reported aerodynamic measurements
taken at the exit of a single-stage, warm air rig turbine
with a spanwise inlet temperature profile. Butler et al.
[10) performed measurements on a low speed, large
scale turbine in which point injection of CO, was used
as an analogue to a combustor hot streak. Several subse-
quent papers have used this data for comparison with
numerical computations and analysis.

It is clear from the work to date that temperature non-
uniformities can influcnce both turbine performance and
heat transfer, and that numerical tools can be of great
use in studying this problem. There remains, however,
litle experimental high speed turbine data in the litera-
ture which delineates these effects. The work described
herein is the first part of a systematic effort to quantify
the influence of thermal inhomogeneities on advanced
turbine stages and to assess the manner in which tur-
bines can be improved by accounting for such phenome-
na. It should be noted that total pressure
non-uniformities also generate secondary flows, but that
these are less of a problem in combustor outflows of
interest and will not be treated here.

It is convenient for both analysis and experiment to
characterize these temperature inhomogeneities into one
of two categories: spanwise or radial variations in tem-
perature which are circumferentially uniform and are
thus two-dimensional at the turbine inlet, and hot spots
(hot streaks) localized both radially and circumferential-




5-2

ly which are inherently three-dimensional in nature. The
radial variations stem in part from design intent of the
combustor while the localized hot spots are often associ-
ated with fuel nozzle location and would be eliminated
from the engine, if possible, given the design constraints
(at least from the turbine designer’s viewpoint). In this
paper, we will consider only radial temperature varia-
tions. This approach of separating the distortion patterns
into categories was adopted in an attempt to simplify the
problem initally. Later efforts will expand to include
hot spots as well.

In subsequent sections, we describe an experiment
designed to measure the influence of spanwise turbine
inflow temperature non-uniformities on rotor blade heat
transfer, present the experimental data, describe a
numerical calculation which models some aspects of the
flow in the turbine, and then discuss the results of the
research.

EXPERIMENTAL APPARATUS

The experiments were performed in the MIT Blowdown
Turbine Tunnel [11]. This facility consists of a supply
tank separated by a large diameter, fast-acting valve
from the test section which, in tum, discharges to a
dump tank (Fig. 1). The test section contains a 0.55
meter (22 inch) diameter test turbine stage and rotating
assembly, including an eddy brake power absorber and
10 KW drive motor. The flow path upstream of the
stage includes a boundary layer bleed and a combustor-
like contraction.

The entire facility is initially evacuated and the supply
tank and valve heated by circulating oil. The valve is
then closed and the supply tank filled with an
argon/Freon-12 mixture (used to reproduce the ratio of
specific heats of combustor exit air). The turbine rotor
is now brought un to operating speed in vacuum. To
start the test, the main valve is opened and the eddy
brake energized simultaneously. After a 250 ms startup
transient, the corrected paramelers are constant to better

Distortion Test
Generator ~ Section

Dump Tank

1 Meter

Fig. 1. MIT Blowdown Turbine Facility.

than 1% for 300 ms. (The corrected weight flow is held
constant so long as the nozzle guide vanes are choked.
The corrected speed is held constant by the eddy current
brake.) The blades and tunnel walls have sufficient ther-
mal inertia to remain at approximately constant tempera-
ture during the test time.

The facility has been designed to closely simulate all the
non-dimensional parameters important to turbine fluid
mechanics and heat transfer: Reynolds number, Mach
number, Prandtl number, Rossby number, ratio of spe-
cific heats, corrected speed and weight flow, and gas-to-
metal temperature ratios. The principal scaling is to
reduce the initial turbine metal temperature to room tem-
perature, while keeping the gas-to-metal temperature
ratio constant. This scaling is shown in Table 1.

TABLE 1
MIT BLOWDOWN TURBINE SCALING
Full MIT
——1__Scale | Blowdown |
Fluid Air Ar-Fr 12
Ratio specific heats 1.28 1.28
Mean metal temperature | 1118° K 295° K
(1550° F) (72°F)
Metal/gas temp. ratio 0.63 0.63
Inlettotal temperature 1780° K 478° K
(2750° F) (400° F)
True NGV chord 8.0cm 59cm
Reynolds number* 27x106  [2.7x106
Inlet pressure, atm 19.6 43
Outlet pressure, atm 4.5 1.0
Outlet total temperature | 1280° K 343°K
(1844°F) | (160° F)
Prandd number 0.752 0.755
Eckert number? 1.0 1.0
Design rotor speed, rpm | 12,734 6,190
Mass flow, kg/sec 490 16.6
Power, watts 24,880,000 | 1,078,000
Test time Continuous { 0.3 sec

* Based on NGV chord and isentropic exit conditions
t (y-1)M2T/AT

A temperature distortion generator was designed and
fabricated for these tests. The design criteria for the
generator included: 1) the generation of temperature
distortions only, the total pressure field should remain
uniform; 2) the capability of generating engine-like cir-
cumferentially uniform, radially (spanwise) varying tem-
perature patterns; and 3) the capability for later retrofit
to generate hot spot-like patterns about the circumfer-
ence. The radial distortion desired was specified in
terms of a radial temperature distortion factor, RTDF

RTDF-INM%IM)( 100%

ref
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Fig. 2: Temperature distortion generator modified for
simultaneous radial and circumferential patterns.

where T, is the maximum total gas temperature;
Tmean the mean average temperature over the passage
height; and T, a reference temperature, nominally the
combustor temperature rise. The combustor spanwise
profile is assumed to be parabolic.

Designs considered included cold gas injection from the
walls, liquid Freon injection, and a storage matrix heat
exchanger. The latter was selected based on low pres-
sure distortion, technical risk, and cost [12]. The gener-
ator as constructed is illustrated in Fig. 2. It consists of
a 0.5 meter long honeycomb matrix heat exchanger con-
structed of 3 mm wide triangular channels brazed from
0.25 mm thick stainless steel sheet. The inner and outer
annulus walls are cooled by circulating oil. Stainless
steel sheathed electrical resistance heating wires are
threaded through the matrix at mid-passage height from
one end to another. Thus, the heat is injecied at the cen-
ter of the passage and removed at the peripheral walls,
generating a spanwise temperature variation, hottest at
mid-passage. In operation, the matrix is heated in vacu-
um for several hours preceding a test. The amplitude
and shape of the temperature distortion is controlled by
the current history into the heaters and monitored by
thermocouples spotied about the unit.
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TABLE 2
TURBINE DESIGN PARAMETERS
Turbine loading, AH/U2 23
Total pressure ratio 42
Velocity ratio, C, AU 0.63
Rotor aspect ratio 15
NGV exit Mach No. 1.18

During a blowdown test, the matrix acts as a high effec-
tiveness heat exchanger. The length of the matrix is
such that the thermal cooling wave within the metal,
which starts at the upstream end, has not reached the dis-
charge end of the unit during the 0.5 second test time.
The result is that the gas exits the matrix at the local
metal temperature, thus imposing the temperature distor-
tion pattern set up in the metal prior to the test onto the
gas. Because the heat is added at very low Mach num-
ber, no appreciable total pressure distortion is introduced
in the heating process.

Aerodynamic instrumentation consisted of total pressure
and temperature rakes upstream and downstream of the
turbine and wall static pressure taps on the outer casing,.
Thin film, mult-layer, heat flux gauges were mounted
about the rotor blade chord at two spanwise locations, at
midspan and near the blade tip (81.5% leading edge
span). These sensors directly measure heat flux to the
blades from DC to 100 kHz [13]. For these tests, the
raw heat flux data was low pass filtered at 30 kHz (vane-
blade interaction frequency is 3.6 kHz) and ensemble-
averaged over 300 blade passings for the time-resolved
data, and time-averaged for DC data,

The test article was a 0.5 meter diameter, 4-t0-1 pressure
ratio, transonic, single-stage turbine whose design para-
meters are given in Table 2. Data from this geometry
has been previously reported for a stage with uniform
inflow {14], as a cooled stage [15], and in a cascade [16).
Figure 3 depicts the turbine installation and flow path.

Inlet
Rake
Distortion Pla'ne
Generator !
C IR (\'%—g
:é 1
= FLOW X
U r ‘ —
E \ — X
= Heaters '
Y ?\ lr = J!
Boundal
Honeycomb Layer Blereyds

Fig. 3: Blowdown turbine rig flow path,
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Fig. 4: Radial temperature profiles measured upstream
of the turbine inlet compared with parabolic fits.

EXPERIMENTAL EXPERIENCE AND RESULTS

The distortion generator was operated so as to provide
varying levels of temperature distortion at a constant
level of annulus averaged enthalpy flow. Distortion lev-
els (RTDF’s) from 2% (as close to uniform as could be
achieved) to 15% were studied. Gas total temperature
profiles measured downstream of the distortion genera-
tor compare well with parabolic fits in Fig. 4, confirm-
ing that the generator performed as designed.
Unfortunately, the generator passages were contaminat-
ed by fine (~25 pm) particles during fabrication. The
particles did not flush from the unit during pretest clean-
ing, but were expelled gradually during the tests. This
fine dust eroded the thin film heat flux gauges, especial-
ly on the pressure side of the blades (the other aerody-
namic instrument was not affected). The erosion
resulted in calibration drift (greatly complicating the
data reduction procedure) and rapid gauge failure,
Fewer working gauges remained after each test with
eventually most of the gauges being destroyed. Thus,
the data presented herein is rather sparse with not all
measurement points being available for every test.

The integrity of the data reduction procedure was estab-
lished by comparing the low distortion (2% RTDF) data
at midspan with that taken earlier without the distortion
generator (14], and thus with uniform inflow, Figure S
shows these to be substantially the same except at the
pressure surface trailing edge.

The measured heat flux distributions about the rotor
blade at -11° incidence angle and the nominat bulk con-
ditions listed in Table 1 are presented in dimensional
form at midspan and tip locations in Figs. 6 and 7
respectively. At midspan, low levels of distortion (2%)
slightly reduced the heat transfer compared to no distor-
tion measurement. Increasing the distortion to high lev-
els (10% and 15%) significantly enhanced the heat

transfer, by about 50% on the suction surface and 70%
on the pressure surface. Near the blade tip, changes in
heat transfer due to temperature distortion are of similar
magnitude.

Time-resolved data are presented in Fig. 8. On the pres-
sure surface (Figs. 8a and 8b), the influence of the tem-
perature distortion is seen as principally raising the
average level of heat transfer without substantially
changing the shape of the waveform. This is true near
the trailing edge of the suction surface as well (Fig. 8d).
On the crown of the suction surface, however (Fig. 8¢),
the waveform is substantially altered. At this location,
the effect of temperature distortion is to increase the
height of the spike that a previous unsteady 2-D numeri-
cal simulation of the undistorted flow 1] has shown to
be caused by a reflected shock wave moving through the
rotor passage.

NUMERICAL MODELLING OF THE FLOW

Customarily, heat transfer is treated in non-dimensional
terms in the form of Nusselt number or Stanton number,
in which the local heat transfer is normalized by an
appropriate gas-to-wall driving temperature difference.
With uniform turbine inflow, it is convenient to use the
rotor relative total temperature. The proper choice of
reference gas temperature is much less certain when
large temperature distortions are introduced. Circumfer-
entially uniform, spanwise distorted temperature patterns
will influence the flow through two primary mecha-
nisms. The first is the alteration of the spanwise distri-
bution of rotor inflow angles (the velocity triangles) due
to the change in reference frame going from the station-
ary NGV'’s to the rotating rotor. The second is the sec-
ondary flow generated in the rotor by the spanwise
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Fig. 5: Midspan rotor heat transfer taken without the dis-
tortion generator installed compared to that with
the generator operated at low distortion level.




100 100
x Na Distortion ! MIDSPAN a 2% RTDF : P
| o 2% RTDF : . & 10% RTDF i =
A 10% RTDF 0 15% RTDF A
o 15%RTDF  : :
80 - . 80 - :
H : 4]
s x s :
. N .
t e} : € 60| : °
E : A 2 : °
< o X : a A < ! o )
» g 5 o : A
2 Frg . A
5 o} g4 X 5§ O :
[ [e) x X X X X g o : [u] o
T a_x_ aX% 0o T 3 : o
- Qoo © i :
nL8x o »}. 8 :
a : 4 o g :
- LEADING - a LEADING
EDGE EDGE
0 : s L N 1 N N 0 P R H A . N
-1.0 Suction 00 Prassure 10 -1.0 Suction 0.0 Pressure 10
Fractional Wetted Surface Fractional Wetted Surface

Fig. 6: Time-averaged heat flux measured at rotor midspan.
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Fig. 8: Time-resolved rotor heat flux measurements at varying levels of temperature distortion.




Fig.9: Grid geometry used for 3-D Euler calculation.

pressure gradients. (Note that the temperature distortion
alone will not generate secondary flows in the stationary
frame NGV'’s; a pressure distortion is required (17],
which is a motivation for designing this initial experi-
ment with uniform inlet total pressure.) To aid in inter-
preting these measurements and to shed insight into the
fluid mechanisms at work, we have modelled the invis-
cid flow in the turbine in two ways. The simplest is a
streamline curvature calculation (18] which includes the
axisymmetric velocity triangle effects. The next fevel in
sophistication is to calculate the three-dimensional,
steady inviscid flow within the turbine.

A 3-D, multi-blade row, steady Euler calculation of the
flow in the trbine was made using Denton’s MULTI-
STAGE code {19]. MULTISTAGE calculates the invis-
cid, 3-D flow in each blade row with an azimuthal
averaging technique employed at the boundary (mixing
plane) between the stationary and rotating blade rows.
The H grid used followed the experimental geometry

Total Temperature

~— 15% RTOF

Total Pressure

7 = - No Distortion ’

from the upstream rake measurement plane 1o about one
chord downstream of the rotor. There were 162 grid
points axially, 19 along the span, and 19 circumferential-
ly. The rotor leading edges were cusped to reduce
numerical errors. The 36 NGV, 61 rotor blade spacings
of the experiment were preserved. The grid is illustrated
in Fig. 9. The code results were checked insofar as pos-
sible by comparing with measured cascade blade static
pressure distributions and by examining total pressure,
temperature, and entropy changes. Details can be found
in Pappas [20].

The computational results show that the inlet tempera-
ture distortion has little influence on the nozzle guide
vane flow, as would be expected from Monk and Prim.
Translation into the rotating frame significantly alters
the flow into the rotor as can be seen in the swirl angle,
and temperature and pressure distributions of Fig. 10.
These result in the generation of secondary flow within
the rotor passage which concentrates the hotter fluid at
midspan toward the rotor pressure surface and moves it
out toward the biade tip (Figs. 11 and 12). One result is
to increase the driving gas temperature along the pres-
sure surface relative to that along the suction surface.
These results are quite similar to those of Saxer and
Giles, who calculated the three-dimensional, steady flow
within the same geometry using a different code.

USING COMPUTATIONS TO INTERPRET
THE MEASUREMENTS

The primary interest here is to improve the understand-
ing of turbine raotor heat transfer in the presence of span-
wise temperature distortion. There are many questions
which may be addressed, but two of direct engineering
concern are whether distortion changes either (a) the

Swirl Angle

Hub L] + 1] 0l L] L T L t R ' RN 1 L T )
340 360 330 400 420 440 046 047 048 049 050 051 40 43 46 49 52 85
°K Ptrot / Plintet Degrees

Fig. 10: Calculated influence of spanwise temperature distortion on rotor relative inflow conditions,
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integrated heat load blade (and thus alters the cooling
requirements), or (b) the local distribution of heat flux
and thus blade temperature in a manner not adequately
captured by current predictive techniques (leading to
blade thermal distress).

There is insufficient spatial coverage in the measure-
ments to accurately assess the change in integrated heat
load into the blade for either an equivalent inlet enthalpy
flux or work extraction. The data taken (Figs. 6 and 7)
show a 30-50% increase in heat flux at midspan with
15% RTDF compared to the no distortion case and 20-
40% increase at the tip. No measurements at the hub are
available. The inviscid calculation could be used to
assess the change in driving temperature integrated over
the blade surface, but a viscous calculation would be
required to evaluate any heat transfer coefficient
changes. Harasgama used a 3-D viscous code and a 2-D
boundary layer solver to investigate the influence of a
20% RTDF on a 4-to-1 pressure ratio turbine. He found
an increase of approximately 60% in heat flux near the
tip of the pressure surface and 10% near the hub.

We can consider the influence of temperature distortion
on the steady heat transfer to consist of two mechanisms
— the alteration of the mostly inviscid core flow in the
blade passage so as to change the gas-to-wall tempera-
ture difference driving the heat flux, or a change in the
boundary layer with a concomitant change t the heat
transfer coefficient. To assess the relative importance of
the two mechanisms, we reduced the raw heat flux data
into Nusselt number using as the reference gas tempera-
ture the local temperature at the heat flux sensor location
as estimated by either the 3-D steady inviscid calculation
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x No Distortion
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Fig. 13: Nusselt number near midspan with the refer-
ence temperature calculated as spanwise aver-
age (bulk), from streamline curvature, or from
local wall temperature estimated with a 3-D,

steady Euler calculation.

or a streamline curvature procedure, If the primary
influence of distortion were to alter the inviscid flow
field and thus the driving temperatures, then this proce-
dure would collapse the distorted data ontwo that with no
distortion. For comparison, a Nusselt number using the
spanwise average temperature (the same as for the no
distortion measurements) was computed. The results
are presented in Fig. 13 for midspan and Fig. 14 for the
tip. At midspan, the sweamline curvature calculation
generally does a better job than the 3-D Euler, especial-
ly on the pressure surface. Near the tip, the comparison
is not clearcut, and the corrections do not improve the
data reduction. We infer from this that some essential
elements of the fluid mechanics are not captured in the
streamline curvature and 3-D, steady Euler calculations.

One phenomenon which is not modelled here is the
unsteady interactions between blade rows, influencing
both the potential and viscous flow. Ashworth showed
how simulated NGV blade wakes can enhance rotor
heat transfer on this midspan profile. Rigby et al. (21]
constructed a simple model of the manner in which
shock wave impingement can increase heat transfer.
Abhari [1] showed how even the small geometry varia-
tions which result from normal manufacturing toler-
ances can cause large variations in heat transfer in a
transonic turbine. The latter is directly applicable here
since the temperature distortion generates relatively
large flow angle variations which may significantly
alter the unsteady shock wave system in the turbine.
We would thus not be surprised if the changes in the
unsteady flow field were an important influence in
enhancing the rotor heat transfer.
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SUMMARY AND CONCLUSIONS

An experiment has been constructed to measure the
influence of spanwise varying, circumferentially uni-
form total temperature distortion on turbine rotor heat
transfer. The first data from this experiment shows that
temperature distortion increases both tip and midspan
rotor heat transfer, especially on the pressure surface.
Both a 3-D, steady, Euler, multi-stage code and a
streamline curvature calculation were used (o interpret
the data. These calculations did not account for all of
the increased heat transfer observed.

This is very much work in progress. We are in the pro-
cess of re-instrumenting the turbine rotor for improved
spatial coverage of the heat flux sensors, and adding suf-
ficient aerodynamic instrumentation to assess aeroper-
formance changes. Both spanwise and circumferential
distortions will be investigated experimentaily. New
computational tools will be brought to bear, including a
3-D, unsteady, muiti-blade row code. Overall, turbine
temperature distortion is a problem for which the tools
are in hand and we hope to make considerable progress
in the coming years.
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Discussion

QUESTION 1:

DISCUSSOR: F. LeBoeuf, Ecole Centrale de Lyon

As vorticity may be enhanced by gradients of density and static pressure, the three-
dimensional consequences of the present inlet temperature distortion could be obtained by
comparing the static pressure fields, with and without distortion of Ty, in the plane
between the stator and rotor. Do you have any experimental or numerical results that
would illuminate this point?

AUTHOR'S REPLY:

With the complete stage geometry (rotor plus stator), we measure the wall static pressure
only on the inner and outer annulus walls in the middle of the nozzle guide vane passage
at the nozzle guide vane trailing edge plane. This is due to the close spacing between the
rotor and stator (3mm). We can measure the pressure distribution at the nozzle guide
vane exit with the rotor removed. Also we believe that three-dimensional calculations
should do a good job of calculating the flow through the nozzle guide vane with temperature
distortion.

QUESTION 2:

DISCUSSOR: G. Andrews, University of Leeds

In practice the real situation is more complex than the simple parabolic temperature
profile you have used. The radial profile is skewed toward the hub for blade stress
reasons. Also there is likely to be a strong velocity, hence, total pressure profile as well as
a temperature profile. Typical radial temperature distortion factor values are around 8%
and your 15% value seems unrealistic. However, the greatest temperature variations are
in the circumferential direction where distortion factors can be typically 25%. How are
these additional non-uniformities likely to influence the heat transfer?

AUTHOR'S REPLY:

Our intent in the design of this experiment was to build a realistic turbine inflow in steps
of relatively simple elements, of which the parabolic profile is the first. We are currently
looking at circumferential distortions as well as variable levels of inlet turbulence.
Total pressure distortions can be added later with relatively little effort should it be
desired. As far as the radial temperature distortion factor reported herein is concerned,
the inlet profile is somewhat skewed toward the hub as examination of Figure 4 will show.
The 15% radial temperature distortion factor was one of the largest of several studied in
the range of 2% to 20%. Also, while 8% is a typical design intent, values of 15% or greater
have been observed in practice.




DRTERNINATION OF SURFACE HEAT TRANSFER AND FILM COOLING
EFFECTIVENESS IN UNSTEADY WAKE FLOW CONDITIONS
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SUMMARY: LIST OP SYMBOLS:

The effect of unsteady wake flows on c airfoil chord

blade heat transfer and film cooling

effectiveness was experimentally : .

determined by using a spoked-wheel type d rotating rod diameter

wake generator. The experiments were .

performed with a five airfoil linear h heat transfer coefficient

cascade at the Texas A&M University low

speed wind tunnel facility. The H blade radial (spanwise) length

mainstream Reynolds number based %n

airfoil chord length was about 3 x 10°. . .

The wake Strouhal number was varied K thermal conductivity of air

between 0 and 0.4 by changing the . .

rotating wake passing frequency. A hot M blowing ratio, (pV)/(pV).

wire anemometer system was located at

the cascade inlet to detect the n rotating rod number

instantaneous velocity, phase-averaged

mean velocity, and turbulence intensity

induced by the passing wake. A Nu Nusselt number based on blade chord, hC/K
pressure tap instrumented blade was ,

used to measure the surface static q’ net surface convection heat flux

pressure distributions and compared

well with predicted velocity q",.. foil generated surface heat flux
distributions in the cascade. An s

instrumented blade without film holes ”

equipped with a thin foil thermocouple 9" surface heat flux loss

was used to determine the surface heat

transfer coefficient distributions. Re  Reynolds number based on blade chord, V,CN
The results show that the periodically

passing wake promotes earlier boundary S Strouhal number, 2rwdn/(60V,)

layer transition, causing much higher heat

transfer on the suction surface. The i i

passing wake also significantly enhances Ta turbulence intensity

the heat transfer on the pressure surface. v local mai locity in th d

The other thin foil thermocouple ocal mainstream velocity in the cascade
instrumented blade contained several rows

of film cooling holes at the stagnation v, mainstream velocity at the inlet of the cascade
region and on both the suction and

pressure surfaces, and was employed to \'A mainstream velocity at the exit of the cascade
determine the film cooling effectiveness

distributions. The results show that the . . . N
strong passing wake interacts with the X blade surface coordinate in streamwise direction
film layer and causes a relatively lower

film effectiveness on both the suction and blade radial coordinate in spanwise direction
pressure surfaces for all three blowing

ratios studied (M = 0.4, 0.8 and 1.2). w rotating rod speed, rpm
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(PV)e local injection coolant mass flux

(pV).. local mainstream mass flux

n film cooling effectiveness

T, injection coolant flow temperature

T, blade surface temperature

T,,  adiabatic blade surface temperature

T. mainstream air flow temperature at the inlet
v kinematic viscosity of air
INTRODUCTION:

Technology development efforts for
advanced military aircraft gas turbine
engines are directed towards the goal
of doubling current propulsion system
capability by around the turn of the
century, while concurrently effecting
significant improvements in 1life,
reliability and maintainability. The
two dominant figures of merit for
measuring propulsion system capability
are engine thrust to weight ratio
(Fn/Wt) and specific fuel consumption
(SFC) . Obviously, to achieve a 100
percent increase in thrust to weight
ratio relative to current production
engines will require revolutionary
advances in turbine engine technology
in the years ahead.

One of the major contributing gas
turbine components in providing
increased engine thrust is the turbine
system. The performance of gas turbine
engines is strongly influenced by
turbine rotor inlet temperature. This
is dramatically illustrated in Figure
1, which plots specific core power

(which can be related to
specific thrust) as a function of
turbine rotor inlet tem